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A porcine model of acute Staphylococcus aureus sepsis and pyemia
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SUMMARY

Nielsen OL, Iburg T, Aalbaek B, Leifsson PS, Agerholm JS, Heegaard P, Boye M, Simon S, Jensen
KB, Christensen S, Melsen K, Bak AK, Backman ER, Jergensen MH, Groegler DK, Jensen AL,
Kjelgaard-Hansen M, Jensen HE. A porcine model of acute Staphylococcus aureus sepsis and

pyemia

Sepsis caused by Staphylococcus aureus constitutes an important cause of morbidity and mortality
in humans, and the incidence of this disease-entity is increasing. In this paper we describe a porcine
model of acute, S. aureus induced sepsis and pyemia. The study was based on examination of blood
samples from anaesthetized and intravenously inoculated pigs, followed by euthanasia and
necropsy, either four, five or six hours after inoculation. Clearance of bacteria from the blood was
completed within the first two hours in some of the pigs, and the highest bacterial load was recorded
in the lungs as compared to the spleen, liver and bones. This probably was a consequence of both
the intravenous route of inoculation and the presence of pulmonary intravascular macrophages.
Inoculation of bacteria induced formation of acute microabscesses in the lungs, spleen and liver, but
not in the kidneys or bones. A generalized inflammatory response reflected in the blood, i.e.
leukocytosis and increased levels of IL-6 and CRP, was not recorded, probably due to the short time
course of the study. The model forms a basis for future studies of the initial pathogenesis of sepsis

and pyemia in the pig, modelling these syndromes in man.

Keywords: Sepsis; model; Staphylococcus aureus; pigs; swine; porcine
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INTRODUCTION

Sepsis constitutes an important cause of morbidity and mortality in humans, and the incidence of
this disease-entity is increasing. At present, 660,000 cases of sepsis occur in the USA each year and
combined with the high mortality, this ranks sepsis as a leading cause of death in this country.
Staphylococci, including methicillin resistant Staphylococcus aureus (MRSA), have become the
most frequently isolated bacteria in nosocomial infections, giving rise to more than 50% of the
cases (1). Similar observations have been made in other countries, including Denmark (2,3).
Staphylococcal seeding to e.g. endocardium, skeleton and lungs, resulting in the development of
pyemic lesions (infective endocarditis, pyogenic osteomyelitis and lung abscesses) are serious

complications to sepsis (4-6).

Models of bacteraemia, sepsis and pyemia caused by S. aureus have been established primarily in
small laboratory animals (mice, rats, guinea pigs, and rabbits), and studies of experimental blood
stream infection with S. aureus in pigs are few. Some of these studies in pigs were aimed at the
characterization of pulmonary intravascular macrophages such as the study by Winkler (7), some
were models of prosthetic device infections exemplified by that reported by Paget et al. (8), and
some investigated the pulmonary haemodynamics and function such as those by Walther et al.
(9,10). A few, extensive, studies modelling the pathogenesis of human sepsis and the ensuing shock
have been performed with group A streptococci in pigs (11-14), but most of this type of research

has been performed with Gram-negative bacteria or endotoxin (15).

Pigs spontaneously can develop pyemia, and based on records from the post mortem meat
inspection, approximately 125,000 pigs (0.4% of the total number of slaughtered pigs) are each year

diagnosed with pyemia in Denmark (Ministry of Food, Agriculture and Fisheries, Danish
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Veterinary and Food Administration, unpublished data 2007). In a study of pyemic lung lesions in
pigs, S. aureus was found in monoculture in 46 % of the cases (16). Pig farming has been found to
be a risk factor for increased nasal S. aureus colonization in man, and sequence typing and
phylogenetic comparisons of isolates have suggested a high rate of strain exchange between pigs
and pig farmers (17). Similar studies on MRSA showed an increased prevalence rate of nasal
colonization in persons in contact with pigs (18), and infections in humans with MRSA have been

related to a domestic animal source that included pigs (19,20).

The aim of the present study was to develop and validate a S. aureus bacteraemia, sepsis, and
pyemia model in pigs, with special focus on the initial lesions and pathophysiology. Such a model
has not previously been established. With the increasing use of the pig in biomedical research, this
model could prove useful to the study of the disease in man, but also the disease in pigs, as

spontaneous generalized S. aureus infections is a major concern in both species.
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MATERIALS AND METHODS

Animals and housing

Nine clinically healthy Yorkshire-Landrace-Duroc crossbreed pigs (nos. 1-9, corresponding to the
journal nos. 36554-36562), body weight of 20-25 kg corresponding to 9-10 weeks of age, were
purchased from a commercial pig herd certified free from infections with Mycoplasma
hyopneumoniae, Actinobacillus pleuropneumoniae, Brachyspira hyodysenteriae, toxin producing
Pasteurella multocida, porcine respiratory and reproduction syndrome (PRRS) virus, Sarcoptes
scabiel var. suis, and Haematopinus suis. Furthermore, the herd was considered free from a range of
other infections according to the national animal health status of Denmark (Ministry of Food,
Agriculture and Fisheries, Danish Veterinary and Food Administration

[http://www.foedevarestyrelsen.dk/Dyresundhed/Dyresygdomme_og_zoonoser/Sygdomsoversigt/fo

rside.htm]).

The pigs were allowed to acclimatize for 5-10 days before entering the trial. Food was withdrawn
12 h before the start of the experiment, and immediately before the start the pigs underwent a
clinical examination and measurement of body temperature, to secure absence of clinical signs of

disease.

Experimental design

The pigs were sedated by intramuscular injection of a solution containing a mixture of zolazepam,
tiletamine, xylazine and ketamine (0.83 mg/kg body weight of each of the drugs), and butorphanol
(0.17 mg/kg body weight). A catheter (22 G) was then inserted in the right ear vein and used for
infusion of anaesthetics, which consisted of a solution containing a mixture of xylazine (1 mg/ml),

ketamine (2 mg/ml), butorphanol (0.1 mg/ml) and guaifenesine (48 mg/ml). Anaesthesia was
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monitored by the ciliar and corneal reflexes. Also, the heart rate was continously monitored and
rectal temperature was measured at regular intervals. After the induction of anaesthesia the pigs
were positioned in dorsal recumbency, and a tracheal tube was applied and used for artificial
ventilation at a volume of 200 ml and a rate of 14 per min if signs of cardiovascular and respiratory
incompetence (ruffled hair coat, oedema of the eyelids, erythema of the skin and respiratory arrest)

were observed. This prompted artificial ventilation in all pigs except nos. 2 and 7.

A catheter (22 G) was inserted in the left ear vein and used for the administration of bacteria or
mock followed by flushing with 10 ml sterile isotonic saline. After this procedure the catheter was
removed. Another catheter (diameter of 2.6 mm) was surgically inserted into the left external
jugular vein, adjusted to sit in the bi-jugular trunk, fixed to the skin with stitches, and flushed with
10 ml sterile isotonic saline followed by 2 ml of sterile 18 EI heparin solution. This catheter was
used for blood sampling, and the samples were secured free of heparin solution by discarding the
first 5 ml of blood. Blood from pig no. 2 was not drawn from the catheter, but taken directly, with a
hypodermic needle, from the bi-jugular truncus or left external jugular vein. All surgical
procedures, insertion of catheters, injections, withdrawal of blood, aliqotation of blood etc. was

performed strictly aseptically using 70% ethanol as disinfectant.

Eight pigs (nos. 1-6, 8 and 9) were inoculated with S. aureus, and one (no. 7) was mock-inoculated
with sterile isotonic saline. Examination of blood included bacteriology and haematology on full
blood, IL-6 on plasma and C-reactive protein on serum. The blood samples were taken regularly
until killing of the pigs four hours after inoculation (PI) (nos. 1-4 and 7), five hours PI (nos. 6 and
9) or six hours PI (nos. 5 and 8), and included pre-inoculation blood samples from the anaesthetized

pigs (Table 1). The post mortem examination included bacterial culture from organs,
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histopathology, and fluorescent in situ hybridisation for bacteria. The study was conducted in

accordance with the EU directive 86/609 and the Danish Animal Experimentation Act.

Staphylococcus aureus suspension

Staphylococcus aureus, isolate no. S54F9 was obtained from a chronic embolic pulmonary abscess
in a Danish slaughter pig (Department of Veterinary Pathobiology journal number 36444). The
isolate was identified using Api ID 32 Staph (Biomerieux, Inc., Marcy-1’Etoile, France) and was
propagated in 100 ml of Luria-Bertani (LB) broth (21) for 18 h at 37°C, sedimented by
centrifugation and re-suspended in sterile isotonic saline. The viable count was determined by
counting the number of colonies formed on LB agar medium inoculated with 10 ul volumes of ten
fold dilutions and incubated at 37°C for 24 h. The suspension was diluted with sterile isotonic saline
to obtain a suspension containing 10° colony-forming units (CFU) per ml. This was used for

intravenous inoculation at a dose of 10° CFU (1 ml) per kg of body weight.

Bacteriological examination of blood and organs

Heparin-stabilized blood samples of 10 ml were taken aseptically as indicated (Table 1). The blood
samples were kept at 5°C for a maximum of 4 h until being processed. The blood samples in
volumes of 1 ml and 1 ml of decimal dilutions (using sterile isotonic saline) were added to empty
Petri dishes and mixed with melted LB agar medium. Viable count was determined after incubation

for 48 h at 37°C , and presented as counts per ml of blood.

Quantitative bacteriological examination was performed on the lung (left diaphragmatic lobe),

spleen (dorsal half) and liver (left lateral lobe) from all nine pigs upon euthanasia. In addition, bone
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tissue from the metaphysis/physis region of the left femur was cultured in four of the pigs (nos. 5, 6,

8, 9). The samples were kept at 5°C for a maximum of 12 h before being processed.

Approximately 1 g of tissue was removed aseptically from the organs, cut into minor pieces with a
scalpel, weighed and homogenized in 9 ml of sterile isotonic saline using a stomacher. Ten fold
dilutions in sterile isotonic saline of the homogenized tissues were prepared. From each of these 10
ul were inoculated on the surface of an LB agar medium and incubated for 48 h at 37°C before
counting the colonies. The counts per g of tissue were calculated. Colony morphology was
evaluated and representative colonies were subcultured on blood agar (Blood agar base, CMS55;
Oxoid, Basingstoke, Hampshire, England) containing 5% sterile bovine blood and phenotypically

characterized using Api ID 32 Staph.

Haematology

Blood samples (Table 1) for haematology were stabilized with EDTA and total and differential
white blood cell counts, and counts of platelets, were performed. The blood samples were kept at
5°C for up to 24 h before processing. The ADVIA 120 (Bayer) automated haematology analyser
with a species specific software setting was used. The analyser is subjected to internal and external
quality control and only results from accepted runs were released. Blood smears were evaluated as a

secondary check for the automated analysis (22).

Assays for plasma IL-6 and serum C-reactive protein
Plasma was generated by centrifugation of EDTA stabilised blood sampled in endotoxin free vials.
Centrifugation was performed immediately after blood had been collected (Table 1). The plasma

samples were kept at 5°C for maximum one h before storing at - 80°C. The IL-6 content was
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determined in plasma by an R & D Systems DuoSet ELISA (R & D Systems, Abingdon, UK,
catalog no. DY686), using ELISA plates from Nunc (Roskilde, Denmark, type: Macrosorp), and
using goat anti porcine IL-6 for coating (0.8 png/ml in PBS) and biotinylated goat anti porcine IL-6
for detection (0.1 pg/ml in PBS with 1% bovine serum albumin (BSA), Sigma St. Louis, MO,
catalog no. A2153). Coating was 100 pl pr well overnight at room temperature, followed by 3 times
washing in PBS containing 0.05% Tween 20. All subsequent washings were done in the same way.
Then plates were blocked for 1 h in PBS containing 1% BSA, 300 pl pr. well, followed by washing
and incubation of samples, diluted twice in 100 ul PBS with 1% BSA. All subsequent incubations
were done in 100 pl. A standard preparation of recombinant porcine IL-6 (from the DuoSet kit) was
applied in double determination as a two-fold dilution row from 8000 pg/ml to 125 pg/ml. Two
wells were used for buffer controls. This was incubated for 2 h at room temperature, washed and
incubated with detection antibody for 2 h. After washing, the plate was incubated for 20 min at
room with peroxidase-conjugated streptavidin (from the DuoSet kit, diluted 1/200) followed by
washing. Plates were developed with TMB Plus from Kem-En-Tec (Taastrup, Denmark) incubating
10-20 min at room temperature in the dark and then stopped by the addition of 100 ul 0.5 M
sulfuric acid pr. well. Plates were read in a Thermo Multiskan Ex spectrophotometer (Thermo
Scientific, Waltham, MA) at 450 nm subtracting background (540 nm). Sample values for IL-6

were then calculated from the curve fitted to the readings of the standard (using Ascent software v.

2.6).

Serum was generated by centrifugation of blood samples (Table 1) left to coagulate for no longer
than one hour at 22°C in plain, endotoxin free vials. The serum samples were kept at 5°C for
maximum one hour before storing at - 80°C. The C-reactive protein (CRP) content in serum was

determined on the ADVIA 1650 (Bayer) as previously described (23).
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Post mortem examination and histopathology

The post mortem examination included median or sagittal sections of the bones. Tissue samples of
the lungs (dorsal part of the diaphragmatic lobes), the spleen, the liver, the kidneys, and the
metaphysis/physis region of the right femur, tibia, radius, ulna, sacral bone, thoracic vertebrae 8 and
9 plus the costochondral junction of the 8™ and 9" ribs were fixed for 24 h in PBS buffered 4%
formaldehyde. After fixation bone tissues were decalcified for six days in a solution of
ethylenediaminetetraacetic acid (EDTA) and sodium hydroxide (280 g EDTA and 30 g NaOH
dissolved in 2000 ml of water). The tissue specimens were then processed through graded
concentrations of ethanol and xylene, embedded in paraffin wax, cut at 3-5 um, rehydrated, and
stained with haematoxylin and eosin (HE) (24). Tissue sections for in situ hybridisation were
mounted on Super Frost Plus glass slides (Gerhard Menzel, Braunschweig, Germany), and

processed as stated below.

Fluorescent in situ hybridisation

Fluorescent in situ hybridisation (FISH) was applied on selected tissue sections using an Alexa 555
5’-labeled oligonucleotide probe (EUB 338) targeting a 16S rRNA sequence specific for the
Domain Bacteria (25). The procedure was modified after Boye et al. (26), and included a 10 min
pre-treatment at 20°C of the sections with 3 mg/ml of lysozyme (cat. no. L-6876, Sigma Aldrich,
USA) dissolved in a Tris/EDTA-buffer (100mM Tris and 50 Mm EDTA (pH 6.5)). The sections
were rinsed in water and hybridised for 16 h in a moist chamber at 40°C with 5ng/ml of probe
dissolved in a hybridisation buffer (700 mM NaCl, 100 mM Tris (pH 8) and 0.1% sodium dodecyl

sulphate (SDS)). Washing of the sections was performed 2 times with 2 X standard saline citrate

11
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(SSC) for 1 min, with hybridisation buffer prewarmed to 45°C for 20 min, and finally 2 times with

2 X SSC for 1 min.
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RESULTS

Diseases unrelated to the experimental infection (background pathology)

While performing the post mortem examination some lesions were noted that could be assigned to
agents and factors unrelated to the experimental S. aureus infection. Thus two pigs (nos. 1 and 2)
were diagnosed with subacute to chronic pneumonia affecting the cranial part of the right lung.
Histopathology confirmed the presence of chronic purulent bronchopneumonia in pig no. 1 and
chronic bronchointerstitiel pneumonia in pig no. 2. Two pigs (nos. 4 and 6) showed macroscopic
lesions in the ileum consistent with proliferative ileitis. Samples of ileum from all nine pigs were
then examined by immunohistochemistry (27) for the combined presence of histological lesions and
the causative agent Lawsonia intracellularis. Thus all pigs, except nos. 5 and 7 were diagnosed with
the infection. Finally, several of the pigs had histological signs of chronic multifocal interstitial

nephritis.

Bacteriological examination of blood and organs
The viable counts obtained from blood and tissue samples are given in Table 2. All
colonies had a morphology identical to that of the inoculation strain. Representative isolates showed

the same reaction pattern in API Staph as the strain used for inoculation of the pigs.

Haematology

Pig no. 4 and 9 (S. aureus-inoculated group) showed neutrophilia, when compared to normal levels
(3.1 = 11.2 x10°/1) of neutrophils (28). In pig no. 4. neutrophilia (12.5 — 17.4 x10°/1 ) was seen
throughout the experiment, except for the last sample taken 240 min PI, and thus also in the blood
sample taken before inoculation of bacteria. Pig no. 9 had marginally increased levels of neutrophils

(11.6-12.0 x10°/1) at 270 and 300 min. The two pigs showed no changes in lymphocyte, monocyte,

13
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eosinophil, basophil or platelet numbers, and no changes at all were found in the remaining seven

pigs, including the mock-inoculated.

Plasma IL-6 and serum C-reactive protein
On each of the time points tested, the content of IL-6 was under the detection limit of the assay
which was 250 pg/ml. Also, CRP measurements did not reveal any significant increases or

variations, except for to abberent measures in two pigs most likely resulting from technical errors.

Gross pathology , histopathology and in situ hybridisation
Gross lesions related to the experimental design were atelectasis of the dorsal part of the
diaphragmatic lobes. This was seen in all pigs, and was probably related to their dorsal recumbency

during anaesthesia.

The HE stained section of the lungs revealed presence of acute microabscesses (Fig. 1) and
aggregates of spherical, basophilic organisms in three of the four S. aureus-inoculated pigs killed 5
or 6 h PI (nos. 5, 6, 8). These aggregates were identified as bacterial colonies by in situ
hybridisation with a general bacterial oligonuclotide probe, and bacterial colonies were often
present without any ensuing inflammatory reaction (Fig. 2). All S. aureus-inoculated pigs killed 4 h

PI, one pig killed 5 h PI and the mock-inoculated pig were without histological lung lesions.

In the spleen of all S. aureus-inoculated animals killed 5 or 6 h PI (nos. 5, 6, 8, 9), acute
microabscesses were present in the marginal zone, the zone between the red and white pulpa. In two
of the S. aureus-inoculated pigs killed 4 h PI (nos. 1, 3) neutrophils seemed to accumulate in the

marginal zone without forming true microabscesses. The remaining pigs (two S. aureus-inoculated

14
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and the mock-inoculated) were without histological lesions. In the liver, acute microabscesses were
detected in pigs from the staphylococcus group killed 4 h PI (nos. 1, 2, 4), 5 h PI (nos. 6, 9),and 6 h
PI (no. 8). The rest of the pigs, including the mock-inoculated, were without histological lesions.
The kidneys showed no S. aureus related histological lesions. The metaphyses of all bones from

both inoculated and control animals were without histological lesions.
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DISCUSSION

The quantitative bacteriological examination of blood and tissues (Table 2) showed that blood
samples taken 2 min after intravenous injection of S. aureus contained an initial mean viable count
of 1800 CFU/ml. The subsequent blood samples showed decreasing numbers of bacteria reaching a
mean of 2 CFU/ml 4 h PI, and with three animals being culture negative. These results reflect both

dilution of the inoculated bacteria within the blood compartment and clearance.

In the organs, which were examined 4, 5 or 6 h PI, mean viable counts largely exceeded the initial
viable count obtained in the blood, indicating a considerable capacity of the organs for withholding
bacteria from the circulation. The mean viable count per g of spleen and liver tissue were of the
same magnitude, 24,000 CFU/g and 21,000 CFU/g, respectively, in contrast to a higher mean viable
count from lung tissue, 110,000 CFU/g, suggesting that the porcine lung has a high capacity for
retaining bacteria from the circulation. This finding is in agreement with previous reports (29,30),
and is closely linked to the clearing action of pulmonary intravascular macrophages (PIM), present
in swine and many other animal species, but not in man (7). When comparing the content of
bacteria in different organs, the volume of blood and the blood-load of bacteria entering the organs
should be taken into account (30). Thus, the lungs will receive the total volume of blood and load of
bacteria, whereas the spleen, for example, will only receive a fraction of the blood and only bacteria
that is not withheld by the lungs or other organs. Also, proliferation or destruction of the bacteria
within the organs would influence the level. Thus destruction of bacteria in the lungs could explain
the seemingly lower levels in the lungs of pigs examined 5 and 6 h PI as opposed to pigs examined
4 h PI. The mean viable count from the metaphysis/physis region was 2300 CFU/g, the lowest
recorded, but, by comparison to the 0 - 2 CFU/ml of blood, still indicates some capacity for the

retention of bacteria by bone tissue.
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The S. aureus strain used in this experimental infection was originally isolated from a case of
embolic apostematous pneumonia in a Danish pig. As part of another study, the strain was typed by
tandem repeat analysis of the staphylococcal protein A (spa) gene, a standard method for molecular
typing of S. aureus (31). The spa type observed in this strain (t1333) is one of the two most
common types among porcine clinical S. aureus isolates in Denmark and is associated with clonal

complex 30 according to the classification based on multi-locus sequence typing (data not shown).

Haematology showed neutrophilia in two of the S. aureus-inoculated animals. These animals also
were infected with L. intracellularis which could add to the neutrophilia. Indeed, one of the animals
had neutrophilia before inoculation of S. aureus, underscoring the effect of pre-inoculation
infection, i.e. the observed background pathology of the pigs. Both pneumonia and proliferative
ileitis are common diseases among pigs held under industrial conditions. A variety of infectious
agents, present in up to 90% of all pig farms, can cause respiratory disease (32). Also, 20-40% of all
farms have clinical and/or subclinical cases of prolifertive ileitis (33). Chronic multifocal interstitial
nephritis does not seem to impair renal function (34) and is probably related to chronic or persistent

infections with virus widespread in the pig population (35).

Whatever the reason was for the observed neutrophilia, plasma IL-6 was not detected in any of the
pigs and no increase in serum CRP was observed. IL-6 together with IL-1 and tumor necrosis
factor-a (TNF-a) are some of the major proinflammatory cytokines produced in monocytes and
other cells as an immediate response to infection and other stimuli. The cytokines have a range of
local and systemic effects, including the recruitment of neutrophils and the induction of acute phase

proteins from the liver. The systemic effects rely on the presence of cytokines in the blood, and this

17



400 presence in blood is linked to a range of different factors. For example, endotoxin caused in an in
401  vitro assay on cells the production of IL-1, IL-6 and TNFa within 1-5 h, whereas Gram-positive
402  toxins induced a peak response of lymphotoxin-a and interferon-y 50-75 h after challenge (36). In
403  experimental aerogenous infection studies in pigs with the Gram-negative pulmonary pathogen
404  Actinobacillus pleuropneumoniae, blood IL-6 was detected within the first 10-14 h after inoculation
405  (37,38), and increase in blood CRP has been demonstrated in several studies (39). The absence of a
406  systemic IL-6 and CRP response in our study could have a variety of explanations, including the
407  short duration of the experiment and the bacterium used. However, IL-6 was detected in the blood
408  only one hour after the intravenous inoculation of S. aureus in mice (40), and was produced in
409  response to in vitro challenge of human endothelial cells by S. aureus (41). Also, TNF-a was

410  detected in blood only three hours after the intravenous inoculation of serogroup A streptococci in
411  pigs (13).

412

413  The histological examination revealed presence of acute microabscesses and bacterial colonies
414  while evidence of thrombosis was absent. Microabscesses were seen in all S. aureus-inoculated
415  animals except for one pig (no. 3), and were detected in the lung, spleen and liver, but not in the
416  kidney and the metaphysis/physis of bones. S. aureus colonies were present in only the lungs of
417  three S. aureus-inoculated pigs. The bacterial colonies could represent trapping of bacterial emboli
418  or local proliferation.

419

420  The presence of microabscesses in the marginal zone of the spleen corresponds well with sepsis
421  (42). Presence of microabscesses in the lungs and the liver probably relates to the presence of PIM
422 in the lungs and Kupffer’s cells in the liver (43). Naturally occurring pyemia in pigs is often

423  associated with lesions in the lungs and the skeleton (Ministry of Food, Agriculture and Fisheries,
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Danish Veterinary and Food Administration, unpublished data 2007). Frequently isolated bacteria
are S. aureus from lung lesions (16) and Arcanobacterium pyogenes from skeleton abscesses (44).
S. aureus (and other bacteria) also can be isolated from cases of osteomyelitis, and different
predisposing factors, including the presence of receptors to bone surface proteins in S. aureus, have
been offered to explain the frequent occurrence of acute osteomyelitis localized to the metaphysic-
or the equivalent epiphysis regions (44). The lack of osteomyelitis in our study could be a result of

the short timeframe of the study or the rather light colonization of the skeleton.

In conclusion we were able to induce the formation of acute microabscesses in pigs examined four
to six hours after the intravenous inoculation of S. aureus. Microabscesses were present in the
lungs, spleens and livers, but not in the kidneys or bones. The presented model thus proved
successful for the establishment of acute S. aureus associated sepsis and pyemia, and implicates the
model as ideal for the future study of the initial pathogenesis of sepsis and pyemia in the pig. A
generalized inflammatory response reflected in the blood, i.e. leukocytosis and increased levels of
IL-6 and CRP, was, however, not recorded, and future studies should include inoculation with
strains of S. aureus isolated from man and expansion of the timeframe with the goal of reaching a
severe sepsis or septic shock stage. If this can be achieved, the model may prove beneficial from a
translational medicine perspective, implicating diagnostics, prognostics and therapy of S. aureus

sepsis and allied conditions in man.
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TABLE 1. Blood sampling

Pigno. |Inoculation | Test Test' Blood sampling timepoints'
period 2 2 30 60 90 120 | 150 | 180 | 210 | 240 | 270 | 300 | 330 | 360
Bacterial culture + + + + + +
1-4 S. aureus 4h | Haematology + + + + + + + + +
Plasma IL-6 + + + + + + + + +
Serum CRP + + + + + + + + +
Bacterial culture + + + + + T T
58 S. aureus 6h Haematology + + + + + + + + + + + + +
Plasma IL-6 + + + + + + + + + + + + +
Serum CRP + + + + + + + + + + + + +
Bacterial culture + + + + + + +
6,9 S. aureus 5h Haematology + + + + + + + + + + +
Plasma IL-6 + + + + + + + + + + +
Serum CRP + + + + + + + + + + +
Bacterial culture + + + + + +
7 Mock 4h Haematology + + + + + + + + +
Plasma IL-6 + + + + + + + + +
Serum CRP + + + + + + + + +

' A few of the test results are missing (not indicated)

2. «.2” indicates that blood was collected 2 min before inoculation

’: Blood was collected 2 min after inoculation (PI)
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TABLE 2. Viable count expressed per ml of blood or per g of tissue of Staphylococcus aureus in eight pigs following intravenous injection
of 10® bacteria per kg of body weight and one control pig injected with and equal volume of sterile isotonic saline (mock)

Blood sampling timepoints

Organs

Pig Innoculation Pig Lung Spleen Liver Metaphysis/physis
no. killed -2' 2% 30 60 120 240 300 360 region of bone
1 S.aureus 4 hPI 0 2600 29 13 0 0 140000 2800 93000 NT’
2 S.aureus  4hPI 0 2200 25 8 5 0 130000 18000 7700 NT
3 S.aureus 4 hPI 0 6500 47 10 2 4 290000 11000 3800 NT
4 S.aureus  4hPI 0 400 47 11 0 0 110000 2700 9600 NT
5 S.aureus  6hPI 0 850 50 18 2 1 NT -4 78000 34000 3300 1400
6 S.aureus  ShPI 0 1100 100 57 14 4 2 26000 43000 34000 2700
8 S.aureus 6 hPI 0 480 34 12 5 2 NT 0 50000 16000 1200 730
9 S.aureus  ShPI 0 520 88 46 21 2 1 47000 63000 15000 4300
Mean 4-6h O 1800 53 22 6 2 110000 24000 21000 2300
of 1-6, PI
8,9
7 Mock 4hPI 0 0 0 0 0 0 0 0 0 NT

! «.2” indicates that blood was collected 2 min before inoculation
2: Blood was collected 2 min after inoculation (PI)
3: Not tested (NT)
*: Result missing
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LEGENDS TO FIGURES

Fig. 1. Section of lung from a S. aureus infected pig killed 6 h PI (pig no. 5) showing a

microabscess located to an alveolar septum. Hematoxylin- and eosin stain. Bar = 50 pm.

Fig. 2. Section of lung from a S. aureus infected pig killed 5 h PI (pig no. 6) showing a bacterial
colony without any inflammatory reaction and identified by fluorescent in situ hybridisation
(insert). The in situ hybridisation was performed first and the bacterial colony photographed. Then
the section was stained with hematoxylin, and the same colony identified and a new photo taken.

Bar =20 um.

23



. S -~
® e X |
=" & .\\‘w -:"?: ¥ & "*0 i
heg 5= ? v e P -
wy, ?\'ﬁ:“ :'!-;“‘ ‘?,,.;,_ oy ‘r 3
o R, Finian ', ‘e
. & q‘ gﬂ‘.‘a" ;‘.}.f“\"‘ . . ‘?é
A S K
2 ALR b .
a\'\ lgedt! 'oﬁ‘i‘ . \?{ﬁ i
vu

&
519 C it Bty — Fig. 1
520

521

522

523

524

525

526

527

528
529



530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

REFERENCES

. Bearman GM, Wenzel RP. Bacteremias: a leading cause of death. Arch Med Res

2005;36:646-59.

. Benfield T, Espersen F, Frimodt-Moller N, Jensen AG, Larsen AR, Pallesen LV, et al.

Increasing incidence but decreasing in-hospital mortality of adult Staphylococcus aureus

bacteraemia between 1981 and 2000. Clin Microbiol Infect 2007;13:257-63.

. Frederiksen MS, Espersen F, Frimodt-Moller N, Jensen AG, Larsen AR, Pallesen LV, et al.

Changing epidemiology of pediatric Staphylococcus aureus bacteremia in Denmark from

1971 through 2000. Pediatr Infect Dis J 2007;26:398-405.

Schoen FJ. The Heart. In: Kumar V, Abbas AK, Fausto N, editors. Robbins and Cotran

Pathologic Basis of Disease. Philadelphia: Elsevier Saunders, 2005:555-618.

. Husain AN, Kumar V. The Lung. In: Kumar V, Abbas AK, Fausto N, editors. Robbins and

Cotran Pathologic Basis of Disease. Philadelphia: Elsevier Saunders, 2005:711-72.

. Rosenberg AE. Bones, Joints, and Soft Tissue Tumors. In: Kumar V, Abbas AK, Fausto N,

editors. Robbins and Cotran Pathologic Basis of Disease. Philadelphia: Elsevier Saunders,

2005:1273-324.

. Winkler GC. Pulmonary intravascular macrophages in domestic animal species: review of

structural and functional properties. Am J Anat 1988;181:217-34.

25



549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

10.

1.

12.

13.

14.

Paget DS, Bukhari RH, Zayyat EJ, Lohr JM, Roberts WH, Welling RE. Infectibility of
endovascular stents following antibiotic prophylaxis or after arterial wall incorporation. Am J

Surg 1999;178:219-24.

Walther S, Jansson I, Gunnarsson M, Lennquist S. Nebulized Corticosteroid Improves
Pulmonary-Function and Outcome in Experimental Porcine Septicemia. Acta

Anaesthesiologica Scandinavica 1991;35:635-41.

Walther S, Berg S, Jansson I, Lennquist S. Activity of serum angiotensin converting enzyme

in septic pigs treated with intrapulmonary corticosteroid. Eur J Surg 1994;160:3-7.

Saetre T, Lindgaard AK, Lyberg T. Systemic activation of coagulation and fibrynolysis in a

porcine model of serogroup A streptococcal shock. Blood Coagul Fibrinolysis 2000;11:433-8.

Saetre T, Hoiby EA, Aspelin T, Lermark G, Egeland T, Lyberg T. Aminoethyl-isothiourea, a
nitric oxide synthase inhibitor and oxygen radical scavenger, improves survival and
counteracts hemodynamic deterioration in a porcine model of streptococcal shock. Crit Care

Med 2000;28:2697-706.

Saetre T, Hoiby EA, Aspelin T, Lermark G, Lyberg T. Acute serogroup A streptococcal

shock: A porcine model. J Infect Dis 2000;182:133-41.

Middelveld RIM, Alving K. Synergistic septicemic action of the Gram-positive bacterial cell
wall components peptidoglycan and lipoteichoic acid in the pig in vivo. Shock 2000;13:297-

306.

26



568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

15.

16.

17.

18.

19.

20.

21.

22.

Kutzsche S, Schlichting E, Aspelin T, Lyberg T. Hemodynamic changes and systemic
activation of coagulation and fibrinolysis during controlled endotoxemia in pigs. Thromb Res

2000;98:517-29.

Liljegren CH, Aalbaek B, Nielsen OL, Jensen HE. Some new aspects of the pathology,
pathogenesis, and aetiology of disseminated lung lesions in slaughter pigs. APMIS

2003;111:531-8.

Armand-Lefevre L, Ruimy R, Andremont A. Clonal comparison of Staphylococcus aureus

isolates from healthy pig farmers, human controls, and pigs. Emerg Infect Dis 2005;11:711-4.

Voss A, Loeffen F, Bakker J, Klaassen C, Wulf M. Methicillin-resistant Staphylococcus

aureus in pig farming. Emerg Infect Dis 2005;11:1965-6.

Witte W, Strommenger B, Stanek C, Cuny C. Methicillin-resistant Staphylococcus aureus

ST398 in humans and animals, Central Europe. Emerg Infect Dis 2007;13:255-8.

Huijsdens XW, van Dijke BJ, Spalburg E, van Santen-Verheuvel MG, Heck ME, Pluister GN,
et al. Community-acquired MRSA and pig-farming. Ann Clin Microbiol Antimicrob

2006;5:26.

Sambrook J, Russell DW. Molecular cloning. A laboratory manual. Cold Spring Harbor: Cold

Spring Harbor Laboratory Press, 2001.

Kjelgaard-Hansen M. Is the inherent imprecision of manual leukocyte differential counts

acceptable for quantitative purposes? Veterinary Clinical Pathology 2006;35:268-70.

27



587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

23.

24.

25.

26.

27.

28.

29.

Kjelgaard-Hansen M, Martinez-Subiela S, Petersen HH, Jensen AL, Ceron JJ. Evaluation and
comparison of two immunoturbidimetric assays for the heterologous determination of porcine

serum C-reactive protein. Veterinary Journal 2007;173:571-7.

Bancroft JD, Stevens A. Theory and Practice of Histological Techniques. New York:

Churchill Livingstone, 1996.

Amann RI, Binder BJ, Olson RJ, Chisholm SW, Devereux R, Stahl DA. Combination of 16S
rRNA-targeted oligonucleotide probes with flow cytometry for analyzing mixed microbial

populations. Appl Environ Microbiol 1990;56:1919-25.

Boye M, Feenstra AA, Tegtmeier C, Andresen LO, Rasmussen SR, Bille-Hansen V. Detection
of Streptococcus suis by in situ hybridization, indirect immunofluorescence, and peroxidase-
antiperoxidase assays in formalin-fixed, paraffin-embedded tissue sections from pigs. Journal

of Veterinary Diagnostic Investigation 2000;12:224-32.

Jensen TK, Christensen BB, Boye M. Lawsonia intracellularis infection in the large intestines

of pigs. APMIS 2006;114:255-64.

Thorn CE. Normal Hematology of the Pig. In: Feldman BF, Zinkl JG, Jain NC, editors.

Schalm’s Veterinary Haematology. Baltimore: Lippincott Williams & Wilkins, 2000:1089-95.

Brain JD, Molina RM, DeCamp MM, Warner AE. Pulmonary intravascular macrophages:
their contribution to the mononuclear phagocyte system in 13 species. Am J Physiol

1999;276:L146-L154.

28



606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

30.

31.

32.

33.

34.

35.

36.

Dehring DJ, Crocker SH, Wismar BL, Steinberg SM, Lowery BD, Cloutier CT. Comparison
of live bacteria infusions in a porcine model of acute respiratory failure. J Surg Res

1983;34:151-8.

Harmsen D, Claus H, Witte W, Rothganger J, Claus H, Turnwald D, et al. Typing of
methicillin-resistant Staphylococcus aureus in a university hospital setting by using novel

software for spa repeat determination and database management. J Clin Microbiol

2003;41:5442-8.

Serensen V, Jorsal SE, Mousing J. Diseases of the Respiratory System. In: Straw BE,
Zimmerman JJ, D'Allaire S, Taylor DJ, editors. Diseases of Swine. Ames: Blackwell

Publishing, 2006:149-77.

McOrist S, Gebhart CJ. Proliferative Enteropathies. In: Straw BE, Zimmerman JJ, D'Allaire S,

Taylor DJ, editors. Diseases of Swine. Ames: Blackwell Publishing, 2006:727-37.

Drolet R, Dee SA. Diseases of the Urinary System. In: Straw BE, Zimmerman JJ, D'Allaire S,

Taylor DJ, editors. Diseases of Swine. Ames: Blackwell Publishing, 2006:199-217.

Drolet R, D'Allaire S, Larochelle R, Magar R, Ribotta M, Higgins R. Infectious agents
identified in pigs with multifocal interstitial nephritis at slaughter. Veterinary Record

2002;150:139-43.

Andersson J, Nagy S, Bjork L, Abrams J, Holm S, Andersson U. Bacterial toxin-induced

cytokine production studied at the single-cell level. Immunol Rev 1992;127:69-96.

29



625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

37.

38.

39.

40.

41.

42.

43.

44.

Lauritzen B, Lykkesfeldt J, Skaanild MT, Angen O, Nielsen JP, Friis C. Putative biomarkers
for evaluating antibiotic treatment: an experimental model of porcine Actinobacillus

pleuropneumoniae infection. Research in Veterinary Science 2003;74:261-70.

Fossum C, Wattrang E, Fuxler L, Jensen KT, Wallgren P. Evaluation of various cytokines
(IL-6, IFN-alpha, IFN-gamma, TNF-alpha) as markers for acute bacterial infection in swine -
a possible role for serum interleukin-6. Veterinary Immunology and Immunopathology

1998;64:161-72.

Petersen HH, Nielsen JP, Heegaard PMH. Application of acute phase protein measurements in

veterinary clinical chemistry. Veterinary Research 2004;35:163-87.

Yao L, Berman JW, Factor SM, Lowy FD. Correlation of histopathologic and bacteriologic
changes with cytokine expression in an experimental murine model of bacteremic

Staphylococcus aureus infection. Infect Immun 1997;65:3889-95.

Yao L, Bengualid V, Lowy FD, Gibbons JJ, Hatcher VB, Berman JW. Internalization of
Staphylococcus aureus by endothelial cells induces cytokine gene expression. Infect Immun

1995;63:1835-9.

Valli VEOT. Hematopoietic system. In: Maxie MG, editor. Jubb, Kennedy, and Palmer's

Pathology of Domestic Animals. Philadelphia: Elsevier Saunders, 2007:107-324.

Stalker MJ, Hayes MAT. Liver and biliary system. In: Maxie MG, editor. Jubb, Kennedy, and

Palmer's Pathology of Domestic Animals. Philadelphia: Elsevier Saunders, 2007:297-388.

Thompson K. Bones and joints. In: Maxie MG, editor. Jubb, Kennedy, and Palmer's

Pathology of Domestic Animals. Philadelphia: Elsevier Saunders, 2007:1-184.

30



