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Colonized vertebrates including humans and pigs are to date the main reservoirs of livestock-associated Methicil-
lin-resistant Staphylococcus aureus (LA-MRSA). Currently, the mechanisms underlying colonization of pigs are
not fully understood.
We investigated the influence of piglet pre-immune status on airborne MRSA colonization. Three groups of
MRSA-negative piglets were primed and exposed to airborne LA-MRSA (104 colony forming units (cfu)/m3) in an
aerosol chamber for 24 h. One group was treated intramuscularly with dexamethasone (1 mg/kg body weight) to
imitate weaning stress. The second group was exposed to bacterial endotoxin containing MRSA aerosol. Both con-
ditions play a role in the development of multifactorial diseases and may promote MRSA colonization success. The
third group served as control.
The piglets' MRSA status was monitored for 21 days via swab samples. At necropsy, specific tissues and organs
were analyzed. Blood was collected to examine specific immunological parameters.
The duration of MRSA colonization was not extended in both treated groups compared to the control group, indi-
cating the two immune-status influencing factors do not promote MRSA colonization. Blood sample analysis con-
firmed a mild dexamethasone-induced immune suppression and typical endotoxin-related changes in peripheral
blood. Of note, the low-dose dexamethasone treatment showed a trend of increased MRSA clearance.
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Introduction

More than 10 years after the rise of livestock associated
methicillin-resistant Staphylococcus aureus (LA-MRSA) in
2005, LA-MRSA is still a major public health concern. Al-
though its primary reservoir is pig farming, the so-called LA-
MRSA has been repeatedly isolated from dogs, cats, and
horses [1, 2]. Given the high prevalence of LA-MRSA in pig
farming, possible spread within and between farms, and its
zoonotic potential, detailed knowledge about transmission is
essential. In Germany, an MRSA prevalence between 52%
and 96% is reported in pig farming [3]. We recently identified
the airborne MRSA concentration of 106 colony forming units
(cfu)/m3 as an effective dose for airborne MRSA colonization
of piglets [4]. Piglets exposed to this MRSA concentration for
24 h in an aerosol chamber were persistently colonized with
MRSA. An airborne MRSA concentration of 104 cfu/m3

resulted in transiently colonized animals. In contrast to the
mean concentration of 102 cfu/m3 found in the barn air of pig-
sties [5], the experimental dose required for a permanent
MRSA colonization is relatively high. We assume that suc-
cessful colonization and the high MRSA prevalence detected
in pigsties are multifactorial. In this work, we focused on the
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immunological state of piglets and its impact on MRSA colo-
nization. In intensive livestock farming, many stress factors in-
fluence immunity and contribute to decreased resistance to
pathogens. According to Amadori et al., common sources of
chronic stress include poor or harmful climate conditions,
pain, and increased infection pressure [6]. These result in an
increased glucocorticoid secretion with decreased immunity,
predisposing for the onset of diseases with opportunistic path-
ogenic micro-organisms [7]. Previous work has demonstrated
that stress, especially after changing the environment often co-
incides with the exposure to new micro-organisms resulting in
increased susceptibility to infection [8]. Following the patho-
genesis of multifactorial diseases, we assumed that stress imi-
tated by dexamethasone treatment would enhance MRSA
colonization of piglets after experimental exposure. In addi-
tion, diseases of the respiratory tract are among the most com-
mon diseases of pigs in intensive pig farming. Air
contaminants, especially endotoxins, are also potential under-
lying causes affecting the respiratory tract. As a part of the
outer membrane of Gram-negative bacteria, endotoxin plays
an indisputable role in the development of respiratory dis-
eases. Holst et al. reported that airborne endotoxin affects the
respiratory health of pigs due to inflammation [9]. According
to Urbain et al., endotoxin facilitates the respiratory diseases
in pigs due to its proinflammatory nature [10]. In guinea pigs,
endothelial cell damage was observed when these animals
were exposed for several weeks to airborne endotoxin [11].
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We, therefore, addressed the relationship between airborne en-
dotoxin exposure and sensitization of the piglets' airways for
MRSA colonization. The overall aim of our study was to in-
vestigate if stress induced by dexamethasone and the presence
of airborne endotoxin might act as contributory factors for air-
borne MRSA colonization of pigs and, therefore, contribute to
the high MRSA prevalence observed in pigsties.

Material and Methods

Study Design. In our study, we investigated the effect of
immunomodulating factors on MRSA colonization of piglets.
We pre-treated groups of piglets (n = 9) with dexamethasone
(dexamethasone treated group, DG) or included bacterial
lipopolysaccharides (LPS) from E. coli O111:B4 (endotoxin
treated group, EG) during MRSA exposure. Both groups
were exposed to aerosolized MRSA for 24 h using an
aerosol chamber. A control group (CG) of 9 piglets (n = 9)
was exposed to airborne MRSA alone as described
previously [4]. All 3 groups were exposed to an airborne
MRSA concentration of 104 cfu/m3 as we previously
demonstrated that this dose results in transient MRSA
colonization of piglets [4]. Blood samples were taken to
investigate the total leucocytes, including differential blood
counts and the proliferation capacity of CD 4+ T cells. To
monitor the MRSA status of the piglets, 5 different swab
samples (nasal, skin, pharyngeal, conjunctival, and rectal
swab) were taken from each piglet 3 times a week for 21
days (observation period). At the end of the experiment,
piglets were sacrificed by euthanasia to investigate the spread
of MRSA into different tissues and organs. All samples were
analyzed qualitatively and quantitatively for the presence of
MRSA.

Aerosol Chamber. To expose piglets to MRSA, an aerosol
chamber with a base area of 3.2 m2 and a volume of 7 m3

was used as described previously [4]. The MRSA suspension
was prepared and transported by a perfusion pump with a rate
of 9 mL/h to an ultrasonic nebulizer (Broadband Ultrasonic
Generator, Sono-Tek) that generated the aerosol. A ceiling
ventilator dispersed the aerosol whose particle size distribution
was measured by a spectrometer monitor (Grimm, model
1.109, GRIMM Aerosol Technik Ainring GmbH & Co. KG,
Germany). During exposure, the aerosol chamber was
equipped with rubber mats covering half of the ground. The
piglets were provided with feeding and water troughs and
were allowed to move freely in the aerosol chamber.

During MRSA exposure, air samples were taken using an
AGI-30 Impinger (Zinsser Analytic, Germany) to confirm the
targeted MRSA concentration in the air and to investigate the
aerosol distribution within the aerosol chamber. The impinger
sampling positions were at 2 different heights (middle position
– 0.8 m (MP) and high position – 1.6 m (HP)) and filled with
30 mL of phosphate-buffered saline (PBS) serving as sam-
pling fluid.

Bacterial Strain and Preparation of MRSA Suspension.
For our experiments, a MRSA strain (strain ID: BfR
08S00974, ITU 1179) of the sequence type (ST) 398 and the
spa type t011 was obtained from the “Federal Institute for Risk
Assessment” (BfR) and used as previously reported [4, 12].
Briefly, MRSA was streaked out on blood base agar plates
(Blood Agar Base No. 2, Oxoid, Germany) and incubated for
8 h. Then, the plates were suspended with PBS, adjusted
to McFarland 0.5 and diluted to the defined MRSA
concentration. The suspension was split into portions of
50 mL and stored on ice until aerosolization.

Animals and Animal Housing. The piglets arrived at our
facilities at the age of approximately 3 weeks and were
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exposed to airborne MRSA (104 cfu/m3) 7 days later (day −1;
Figure 1). For this study, 27 weaned, gender-mixed piglets
were used. Two groups (n = 9, each) were used to investigate
the effects of immunomodulatory factors on the MRSA
colonization success. A third group (n = 9) served as control
and was exposed to airborne MRSA without additional
immunomodulating factors.

The piglets were housed at the research facility of the Cen-
tre for Infection Medicine of Freie Universitaet Berlin under a
strict hygiene management. During the handling of the ani-
mals, protective clothes, snoods, and masks were used. The
pig barn was cleaned daily with water. All persons in contact
with the piglets, the pig barn itself, and the aerosol chamber
were confirmed to be MRSA-negative before arrival of the
piglets. During the experiment, the piglets' behavior and gen-
eral condition were monitored daily. Internal temperature was
measured 3 times per week and before taking the swab sam-
ples. Body weight development was monitored at least once
weekly.

Dexamethasone Treatment. As presented in Figure 1, the
piglets were treated with dexamethasone (dexamethasone
4 mg/mL, Vetiquinol) on 9 consecutive days. The treatment
started the day after arrival (day −6) and ended 2 days after
airborne MRSA (104 cfu/m3) exposure in the aerosol chamber
(day 2), aiming an MRSA exposure under dexamethasone
treatment. Dexamethasone was applied intramuscularly (i.m.)
with a dosage of 1 mg/kg body weight. Prior to the
dexamethasone application, each DG piglet was weighed daily
to calculate the exact amount of dexamethasone applied.

Airborne Bacterial Endotoxin Treatment during
MRSA Exposure. The second group (EG) was challenged
simultaneously with bacterial endotoxin and airborne MRSA
(104 cfu/m3) for 24 h. LPS from E. coli O111:B4 (Sigma
Aldrich, Darmstadt, Germany) was added to the MRSA
suspension used for aerosolization in the aerosol chamber. We
chose an endotoxin concentration of 4 μg/m3 as this was the
maximum concentration found in the air of pig barns by Zejda
et al. [13]. To achieve the targeted endotoxin concentration in
air, the required amount of the LPS-powder in the MRSA
suspension for aerosolization was calculated. We dissolved
0.9 mg of LPS per mL of bacterial suspension and vortexed
the suspension gently.

Blood Samples. To investigate specific immunological
parameters, blood samples of at least 5 mL were taken at
different days prior to and after aerosol exposure, at day −6,
day −4, day −1, day 1, day 3, day 6, day 13, and day 21 from
all piglets (Figure 1). The blood was taken from the vena cava
cranialis with single-use needles (∅/L 0.90 × 40, StericanW,
B. Braun Melsungen AG, Germany) and VACUETTE blood
tubes with lithium heparin (Greiner Bio-One, Germany). The
first blood sample of the DG was taken prior to the first
application of dexamethasone. Blood samples were examined
by the Institute of Immunology (Freie Universitaet Berlin).
Samples

Aerosol Chamber. We used PBS-moistened cotton gauze to
confirm the absence of MRSA on the floor (1 sample) and the
chamber walls (2 different sampling locations) at a height of
1.5 m before starting the animal exposure in the aerosol cham-
ber. For this purpose, an area of 900 cm2 was scrubbed.

During aerosolization, the airborne MRSA concentration
was measured via impingement for 30 min 1 h, 9 h, and 17 h
after starting the MRSA exposure of the piglets to confirm the
targeted bacterial load in the air.

After 24 h of MRSA exposure, the MRSA status of the
aerosol chamber was investigated by sampling the same areas
(wall and floor), using a PBS-moistened cotton gauze as de-
scribed above.



Figure 1. Study design
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Animal Samples. To monitor the MRSA status of the pig-
lets, nasal, pharyngeal, conjunctival, skin, and rectal swabs
were taken directly before and after exposure (day −1 and day
1; Figure 1). As seen in Figure 1, the sampling was performed
3 times weekly during the ensuing observation period of 21
days as described previously [4]. After the observation period,
necropsy was performed according to Szabó et al. and Rosen
et al. to investigate the spread of MRSA into the tissues and
organs [4, 12]. We examined palatine tonsils, tracheal bifurca-
tion, lung, spleen, and lymph nodes at various sites (ileocae-
cal, mandibular, and lung) qualitatively and quantitatively for
the presence of MRSA.

Environmental Samples. To monitor environmental MRSA
contamination, we sampled 5 different locations in the barn.
Approximately 20 cm2 of the wall and the ground of the pig
barn at 2 different locations were sampled. In addition, the
feeding and water troughs, as well as the enrichment toy, were
scrubbed at 1 position. Sampling proceeded within 2 h in the
laboratory using PBS-moistened swabs with a diameter of
5 mm (Nerbe Plus GmbH, Winsen [Luhe], Germany).
Laboratory Analyses

Air Samples. After taking the air samples using impinge-
ment, the remaining PBS was measured, and a volume of
100 μL of the sampling fluid was streaked out 3 times directly
onto chromatic MRSA screen agar (CHROMagar MRSA;
MAST Diagnostica GmbH) and incubated aerobically at
37 °C. After 24 h, the MRSA concentration was determined
by counting the typical MRSA colonies on the plate.

Swab Samples. All swabs were analyzed qualitatively for
the presence of MRSA as described previously [4]. In brief,
the swabs were extracted with PBS and vortexed. The fluid
including the swab was transferred to a two-step-enrichment
with Müller Hinton Broth (Oxoid, Germany) supplemented
with 6.5% NaCl (MHB+) and Tryptone Soy Broth (Oxoid,
Wesel, Germany) containing 75 mg/L aztreonam (Molekula
GmbH, Germany) and 3.5 mg/L cefoxitin (Fluka Analytical,
Germany) (TSB+). TSB+ was streaked out onto chromatic
MRSA screen agar and incubated overnight at 37 °C. Suspi-
cious colonies were confirmed using matrix-assisted laser
desorption ionization–time of flight mass spectrometry
(MALDI–TOF MS; MALDI Microflex LT and Biotyper data-
base, Bruker Daltonics, Bremen, Germany).

Internal Organs. The tissues and organs of the dissected
piglets were handled as described previously [4]. Briefly, the
samples were decontaminated, cut into pieces, homogenized
using a stomacher (stomacher 400 circulator; Seward Limited,
West Sussex, United Kingdom) and enriched in the two-step-
enrichment as mentioned above for the swab samples. A
retained sample was stored at 4 °C and quantified in the case
of positive results of the enrichment of the associated sample.
Confirmation of MRSA suspected colonies was performed as
described.

Spa Typing of MRSA Isolates. One isolate of every
impinger sample for each group and 1 MRSA isolate of the
last positive nasal swab of each animal were spa typed. The
isolates were confirmed as spa type t011 by performing the
PCR according to Kahl et al. [14]. LGC Genomics GmbH
(Location) performed the sequencing. The sequences were
analyzed using BioNumerics version 6.6.

PBMC Isolation and Proliferation Assay. Mononuclear
cells from porcine peripheral blood (PBMC) were isolated by
density centrifugation of whole blood diluted 1:2 in 0.9%
3
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NaCl using Pancoll solution (density 1.077 g/mL, PAN-
Biotech). PBMC were stained with the proliferation marker
carboxyfluorescein diacetate succinimidyl ester (CFSE,
eBiosciences) at a concentration of 5 mM for 5 min in the
dark. CFSE-labeled porcine PBMCs were transferred to
IMDM supplemented with 10% FCS and 1% penicillin–
streptomycin (all PAN-Biotech, Aidenbach, Germany) and
seeded into 96-well round bottom plates (2 Mio cells/200 μL).
Proliferation was induced by adding Concanavalin A (ConA,
2 μg/mL; Sigma-Aldrich) and assessed after 5 days by
comparing unstimulated and ConA-stimulated PBMC using
flow cytometry.

For flow cytometry, cells were stained with the following
antibodies specific to pig species: anti-CD4a-Pe-Cy7 (clone 4–
12-4, IgG2b, BD Biosciences), anti-CD3ɛ-PerCP-Cy5.5 (clone
BB23-8E6-8C8, IgG2a, BD Biosciences) and anti-CD8α-
AlexaFluorW 647 (clone 76–2-11, IgG2a, BD Biosciences).
For dead cell exclusion, a fixable viability dye was used in
eFluorW 780 (eBiosciences). Cells were acquired on BD FACS
Canto II with BD FACS Diva software and analyzed using
FlowJo v9 software (Tree Star) for proliferative capacity of
CD4+ T cells identified as liveCD3+CD4+CFSElow.

Total Leucocytes and Differential Cell Counts. For total
leucocyte counts, blood was treated with a red blood cell
(RBC) lysis buffer (150 mM NH4Cl, 10 mM KHCO3, and
0.1 mM Na2EDTA), and white blood cells (WBC) were
counted using a Neubauer chamber (Marienfeld, Germany).
To determine differential WBC counts, a blood smear was
Romanowsky stained (DiffQuick, Labor + Technik, Eberhard
Lehmann GmbH, Germany) and 200 cells were counted
and classified. Percentages of lymphocytes, neutrophils,
eosinophils, basophils, and monocytes were calculated.
Absolute values were calculated by multiplying the total
number of leucocytes with the percentage of each cell type.

Statistical Analysis. The software SPSS, version 24 (SPSS,
Inc., Chicago, IL) was used to perform the statistical analysis.
We used generalized regression models to estimate the effect
of possible predisposing factors on the prevalence of MRSA-
positive individuals in population (logistic regression models)
or on the number of log cfu per individual sample (linear
regression models). Animal and type of swab sample were
considered as random factors, while day of sampling was
considered as repeated measurements in all models. The same
analyses were also carried out, stratified in terms of the
selected types of swab samples and the differences between 2
groups.

P values < 0.05 were regarded statistically significant.
Model diagnostics included normality tests of residuals and vi-
sual inspection of homoscedasticity. The displayed results re-
fer to the multivariable models described above.

For analyzing the blood data, statistical analyses were per-
formed using ANOVA with repeated measurements. It was in-
vestigated if the percentage of the different cell types in blood
differed between the groups “Dexamethasone”, “Endotoxin”,
and “Control” in the course of time. Depending on the results
of Mauchly's test of sphericity the parametric, the Green-
house–Geisser or the Huynh–Feldt estimate was used to test
differences between time. The Tukey test was used for multi-
ple comparisons between the groups.
Table 1. MRSA concentration in the air in cfu/m3 of the exposure of the control
group (EG). The data shown here are based on 3 measurements using 2 impingers

Control group (3 × 104 cfu/m3) Dexame

MRSA in air (cfu/m3)

Animal Mean 3.6E+04
Exposure Min. 1.6E+04

Max. 6.3E+04

4

The proliferation data of T cells were analyzed by perform-
ing the t-test for paired samples, because we compared the an-
imals' data of the “Dexamethasone” and “Control” group at 2
different time points.

Ethics. The animal study was approved by the German
Animal Ethics Committee for the protection of animals of the
Regional Office of Health and Social Affairs Berlin, Germany
(Landesamt für Gesundheit und Soziales Berlin; approval
number 0403/12). Piglets were cared for in accordance with
the principles outlined in the European Convention for the
Protection of Vertebrate Animals used for Experimental and
other Scientific Purposes and in the German Animal Welfare
Law.

Results

Airborne MRSA Concentration Measured during
Piglets' Aerosol Exposure. The data for airborne MRSA
concentration during exposure indicated the reliable
reproducibility of the defined airborne MRSA concentration
in the aerosol chamber (Table 1). The close values of minimal
and maximal MRSA concentration in the air within each
group demonstrated that MRSA was well distributed in the
aerosol chamber air.

The Grimm aerosol spectrometer measured a particle size
between 3.1 μm and 3.7 μm for all groups.

Prior to MRSA exposure, the aerosol chamber was tested
MRSA-negative via sampling the floor and walls for all
groups. After exposure, MRSA was detectable qualitatively on
the floor and the walls of the aerosol chamber for all groups.

Clinical Symptoms. None of the animals showed any
clinical signs during the experiment and the complete
observation period. The body weight of the housed animals
developed similarly to piglets of the same age.

General MRSA Colonization of the Pigs. Neither the DG
nor the EG showed an extended MRSA colonization
compared to the CG. The likelihood of animals being MRSA-
positive over the course of time was significantly higher
(p ≤ 0.001, multivariable mixed logistic regression) for
animals of the CG compared to the DG. Statistical analyses
revealed no significant difference (p = 0.103, linear regression
model) in the MRSA concentration between quantifiable swab
samples of the DG and the CG over time. The probability of
the animals to be MRSA-positive during the observation
period was investigated using ANOVA with repeated
measurements. No significant difference between the CG and
EG (p = 0.145) could be shown. Similarly, the MRSA
concentration in swab samples of the CG and EG did not
differ statistically significantly (p = 0.130, linear regression
model).

Total MRSA-Positive Swab Samples over the Entire
Observation Period. Figure 2 shows the number of MRSA-
positive swab samples per animal of all 3 groups for the
respective sampling points during the entire observation
period. In all groups, the number of MRSA-positive swab
samples per animal was highest directly after exposure (day 1)
and decreased over time. Like the CG and EG, all piglets
(n = 9/9) of the DG showed MRSA-positive swabs directly
after exposure (day 1) with a median of 3 positive swab
group (CG), dexamethasone-treated group (DG), and endotoxin-challenged
(HP and MP) during the 24-h animal exposure

thasone group (3 × 104 cfu/m3) Endotoxin group (3 × 104 cfu/m3)

MRSA in air (cfu/m3) MRSA in air (cfu/m3)

2.1E+04 3.2E+04
1.5E+04 2.5E+04
2.7E+04 4.0E+04



Figure 2. Mean count of MRSA-positive swabs per piglet of the control group (A), dexamethasone group (B), and endotoxin group (C) exposed
to 104 cfu/m3 MRSA in the air during the entire observation period over the observation period of 21 days. Boxes show the lower quartile, me-
dian, and the upper quartile. The ends of the whiskers show the lowest datum within 1.5 interquartile range of the lower quartile and the highest
datum within 1.5 interquartile range of the lower quartile and the highest datum within 1.5 interquartile range of the upper quartile. Dots represent
the outliners. Asterisk represents extreme values
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samples per animal (Figure 2B). Most of them were nasal
(n = 9/9), skin (n = 9/9), and rectal swabs (n = 7/9). For the
further sampling points, 80% of all detected MRSA-positive
samples of the DG were derived from skin swabs, whereas the
last MRSA-positive swab sample was obtained at day 10 from
1 animal. In the DG, from day 3 to day 10, 1 (n = 1/9) to 3
(n = 3/9) animals showed at least 1 MRSA-positive swab
sample. In the EG, the number of MRSA-positive samples per
animal decreased from a median of 3 positive swab samples
per animal at day 1 to less than 1 MRSA-positive swab
sample at the end of the observation period (Figure 2C). The
number of MRSA-positive animals decreased from all piglets
(n = 9/9) of the EG directly after exposure to 1 (n = 1/9) for
the last sampling points (day 17 and day 21). According to
Figure 2A, a median of 4 swab samples per piglet of the CG
at day 1 was observed and decreased to less than 1 MRSA-
positive swab at day 21, whereas 55% of the animals (n = 5/
9) of this CG were still MRSA-positive at this time point.

The MRSA status of each animal over the course of time is
depicted in the Supplementary Material (S1).

Nasal, Skin, and Pharyngeal Swabs. The stratified
multivariable mixed logistic regression model for nasal swabs
revealed a significantly higher probability for animals of the
CG to have MRSA-positive nasal swabs (p ≤ 0.001) and skin
swabs (p ≤ 0.001) during the experiment compared to the
those of the DG. In contrast, there were no significant
differences in the probability of having MRSA-positive nasal
(p = 0.695) and skin swabs (p = 0.081) between the CG and
EG group (stratified multivariable mixed logistic regression
model for nasal and skin swabs). According to the pharyngeal
swabs, there were no significant differences in the probability
of the animals having MRSA-positive samples between all the
3 groups (p = 0,550 DG versus CG and p = 0,787 EG versus
CG, stratified multivariable mixed logistic regression model
for pharyngeal swabs).

As presented in Figure 3A and 3B, all animals of the DG
showed MRSA-positive nasal and skin swabs directly the ex-
posure (day 1). Although the nasal swabs remained MRSA-
negative in the DG, MRSA-positive skin swabs were detect-
able until day 10 with a percentage between 11% (n = 1/9) at
day 3 and day 10 as well as 33% (n = 3/9) at day 3 and day
6. As shown in Figure 3C, 2 animals (n = 2/9) of the DG
showed MRSA-positive pharyngeal swabs directly after expo-
sure (day 1). The last MRSA-positive swab of the pharynx
was detected (n = 1/9) at day 3.

All animals (n = 9/9) of the EG had MRSA-positive nasal
and skin swabs at day 1. Then, in both types of swab samples,
the number of MRSA-positive swabs decreased, and MRSA
was found only sporadically at different sampling points
(Figure 3A and 3B). As seen in Figure 3C, 7 out of 9 pharyn-
geal swabs (n = 7/9) were MRSA-positive at day 1 for the
EG. The MRSA detectability decreased at day 3, and MRSA
was found again at day 15 only.

The results of CG were previously published [4]. In sum-
mary, almost all nasal, skin, and pharyngeal swabs of the CG
were MRSA-positive directly after exposure (Figure 3A–3C).
For all types of samples, the number of MRSA-positive swabs
decreased over time.

Conjunctival and Rectal Swab. As presented in Figure 3D,
the animals of the DG showed MRSA-positive conjunctivas
on day 1 (n = 2/9) and day 6 (n = 1/9) only. The MRSA-
positive rectal swabs were observed exclusively in 77%
(n = 7/9) of the DG's piglets directly after exposure (Figure 3E).

The MRSA-positive conjunctival swabs of the EG were
noted at day 1 and day 21 only (Figure 3D). There were only
2 animals in the EG showing MRSA-positive rectal swabs at
day 1 (n = 2/9) and 1 (n = 1/9) animal at day 3 (Figure 3E).

More than half of the animals (n = 5/9) from the CG
cohort showed MRSA-positive conjunctival swabs at day 1
(Figure 3D). Then, MRSA was detected sporadically. The
MRSA-positive rectal swabs of the CG were observed in more
than half of the animals (n = 5/9) at day 1. Afterwards, MRSA
was detectable sporadically only.

MRSA in the Experimental Environment of the Kept
Animals. During the observation period, 5 different swab
samples of the pig animal facility were taken to observe the
MRSA status of the piglets' environment as a possible source
for recolonization. The environmental swabs of the DG and
EG groups were MRSA-positive directly after exposure (day
1) only. For the DG, MRSA was found on the wall, water, and
feeding trough. For the EG, MRSA was also detectable on the
ground floor. For the CG, with the exception of days 15 and
17, at least 1 environmental swab was MRSA-positive over
the entire observation period.

Internal Organs. MRSA was not found in tissues or
organs of any group 21 days after MRSA exposure.

Spa Typing. The selected isolates were confirmed as spa
type t011.

Immunological Parameters of the Blood Samples.
Figure 4A shows the total leucocyte counts and differential
white blood cell counts of the dexamethasone-treated animals
prior to the first administration of dexamethasone (day −6)
and 48 h after (day −4) compared to the CG. We observed a
significant decrease in the total leucocyte count (p = 0.003,
5



Figure 3. Percentages of MRSA-positive nasal (A), skin (B), pharyngeal (C), conjunctival (D), and rectal (E) swabs from the piglets of the control
group (CG), dexamethasone group (DG) and endotoxin group (EG) group over the observation period
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paired t-test) that was specific to the dexamethasone-treated
group, while animals of the CG had unchanged total cell
counts (p = 0.779). To assess immunosuppression in more
detail, we performed differential cell counts and found that the
decrease of total leucocytes was due to a specific decrease
(p = 0.001, paired t-test) in numbers of lymphocytes, whereas
the decrease in neutrophils was not significant (p = 0.392).
However, the CG showed a significant increase (p = 0.002)
in neutrophils and a significant decrease (p = 0.017) in
lymphocyte counts. Therefore, we decided to more closely
assess immunosuppression by dexamethasone treatment and
evaluated the suppressive effects of the corticosteroid
dexamethasone on lymphocytes in vitro. For that purpose, we
stimulated PBMC labeled with the proliferation marker ConA,
and assessed the frequencies of proliferated CD4+ T cell after
5 days by flow cytometry (Figure 4B). As shown in
Figure 4C and 4D, glucocorticoid treatment significantly
reduced the capacity of CD4+ T cells to proliferate (p = 0.017,
paired t-test). In contrast, no significant effect on the
proliferative capacity of CD4+ T cells was detected in the
control group (p = 0.186).

Peripheral Blood Cell Counts. Figure 5A illustrates the
mean total leukocyte counts over the entire experimental
period for all groups. ANOVA analysis for repeated
measurements revealed no significant differences in the
leucocyte count over time between all groups (p = 0.387 DG
versus CG and p = 0.466 EG versus CG).

Figure 5B depicts the neutrophil counts for all 3 groups
during the observation period. In contrast to the DG
(p = 0.867), statistical analysis revealed significant differences
between the EG and the CG (p = 0.002) over time. The
6

neutrophil counts of the EG were significantly increased com-
pared to the CG from day −1 until the end of the observation
period (p = ≤ 0.001 to p = 0.024). The increase in neutrophil
counts in the DG from day 1 to day 3 is notable, despite being
not statistically significant compared to the other groups.

Figure 5C shows the lymphocyte counts for all 3 groups.
The statistical analysis showed significant differences between
all groups (p = 0.004 DG versus CG and p = 0.003 EG versus
CG) over time.

Discussion

Our study aimed to investigate possible predisposing factors
for MRSA colonization success focusing on the immunologi-
cal state of the piglets. In addition to the stress induced by
weaning and its effects on the adaptive immune system [15],
piglets are exposed to new environmental conditions includ-
ing climatic changes, different microorganisms, and dust con-
taining bacterial endotoxins. Here, we imitated a weakened
immunological state of weaned pigs via dexamethasone treat-
ment prior to exposing them to MRSA, investigating the
question if immune stress at this age promotes colonization
by MRSA. Indeed, we hypothesized an extended MRSA col-
onization of dexamethasone-treated animals in contrast to ani-
mals exposed to airborne MRSA alone. However, our data
show a significantly shorter MRSA colonization of dexameth-
asone-treated animals after an airborne exposure over time.
Remarkably, most of the MRSA-positive samples of the DG
were skin swabs showing a significant reduced detection com-
pared to the CG indicating contamination rather than coloni-
zation. The poor ability of MRSA to colonize the piglets is



Figure 4. Dexamethasone treatment effects. A) The effect of dexamethasone administration (1 mg/kg body weight/day) on total leucocyte counts,
neutrophil, and lymphocyte numbers at the beginning (day −6) and 48 h after the first application of Dexamethasone (day −4). Asterisks indicate
significantly different values comparing t-6 and t-4: p ≤ 0.005. PBMCs were CFSE-labeled and stimulated with ConA (2 μg/mL) to assess their
proliferative capacity. B) Flow cytometric gating strategy to analyze frequency of proliferated cells by CFSE-dilution (CD3+CD4+CFSElow). C)
Mean values of proliferated CD4+ T cells corrected for CFSElow frequencies of unstimulated (w/o) controls. Asterisks indicate significant differ-
ences (p = 0.001) between t-6 (before treatment) and t-4 (after onset of Dexamethasone treatment). D) Mean values of proliferated CD4+ T cells
corrected for CFSElow frequencies of unstimulated (w/o) controls over prolonged observation time
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presumably due to dexamethasone-induced higher MRSA
clearance—an effect, which has not yet been investigated in
piglets before. This is confirmed by the absence of MRSA in
the nasal and rectal swabs from day 3 and the pharyngeal
swabs from day 6 after exposure with a significantly lower
number of MRSA-positive nasal swabs in the dexamethasone-
treated animals compared to the CG. Although the sampling
procedure was carried out with the greatest of care, the
MRSA-positive conjunctival swab of 1 animal at day 3 might
be a contamination due to its MRSA-positive skin at this sam-
pling point.

The blood samples of our dexamethasone-treated piglets re-
vealed a decrease of the lymphocyte count in peripheral blood
in combination with decreased proliferation capacity of the
CD4+ T cells, indicating mild immunomodulation of the
adaptive immune system under dexamethasone application. A
decline of lymphocytes after weaning was also observed in
the study of Kick et al. and is a result of increased blood cor-
tisol concentration induced by stress [15]. In prior studies,
dexamethasone treatment also resulted in lymphocytopenia in
pigs [8, 16–18]. Therefore, we assume that the dexametha-
sone treatment was partly effective to imitate the moderate
stress occurring after weaning in the field; however, it is
likely that there are other, uncharacterized effects of dexa-
methasone contributing to the defense of MRSA colonization.
Additionally, other studies show that the success of immuno-
suppression by glucocorticoids in pigs is inconsistent, and
Flaming et al. described pigs to be remarkably resistant to
dexamethasone treatment with similar doses [18]. Our
findings might be explained by different studies that investi-
gated the effect of glucocorticoid treatment at low doses. In a
recent review, Cain and Cidlowski summarized the effect of
glucocorticoids on the immune system and proposed a bi-
phasic, dose-dependent influence on rat models and human
macrophages [19]. According to Lim et al. [20], a low-dose
treatment of glucocorticoids resulted in an elevated expression
of innate immune genes (for instance, cytokines and chemo-
kines), sensitizing the organism towards pathogens. Therefore,
a possible explanation for the decreased MRSA colonization
in dexamethasone-treated animals is the stimulation of innate
immunity by low-dose dexamethasone resulting in more rapid
MRSA elimination. According to Kulkarni et al., dexametha-
sone treatment decreases the gene expression of antimicrobial
peptides (AMPs)—secreted by innate immune cells (mono-
cytes, macrophages, neutrophils and epithelial cells)—in
THP-1 monocytes [21]. AMPs are involved in the early de-
fense against pathogens and play, inter alia, a key role in the
host cutaneous defense against S. aureus [22]. We hypothe-
size that AMP levels in the nasal epithelium of the piglets
were reduced due to dexamethasone resulting in an enhanced
adhesion ability of MRSA during the airborne MRSA expo-
sure and its following microinvasion. The lower MRSA con-
centration (of free, non-attached or microinvaded MRSA) in
the nasal swabs (DG) compared to the control directly after
exposure might confirm this hypothesis. We assume a subse-
quent MRSA eradication by a strong local immune response
and local inflammation attributed to the end of dexametha-
sone treatment at day 2 and its fast degradation [25]. This is
7



Figure 5. Mean total cell count of peripheral blood cells in the dexamethasone (DG), endotoxin (EG), and control group (CG) exposed to
104 cfu/m3 MRSA in the air for 24 h during the observation period
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supported by increased neutrophil counts in the peripheral
blood at day 3, 1 day after stopping dexamethasone treat-
ment. This hypothesis provides a further possible explanation
for the significantly shorter MRSA colonization of the DG
compared to the CG, indicating low susceptibility to MRSA
due to low-dose dexamethasone treatment combined with the
specific time of stopping the treatment. According to our
data, this treatment regimen does not promote MRSA coloni-
zation of piglets when exposed via the airborne transmission
route.

We also examined the hypothesis that the presence of air-
borne endotoxin promotes airborne MRSA colonization by
acting as a respiratory hazard. In our study, the piglets were
exposed to an endotoxin-containing MRSA aerosol resulting
in an airborne endotoxin concentration of 4 μg/m3, corre-
sponding to the maximum endotoxin concentration found in
pig barns [26]. However, the particle size of endotoxin is also
a crucial factor influencing the place of deposition in the re-
spiratory tract. In our study, the aerodynamic diameter of the
aerosolized particles was between 3.2 and 3.7 μm and endo-
toxin was, therefore, able to penetrate the alveolar region of
the lung [27]. The statistical analyses demonstrate that there is
8

no relationship between airborne endotoxin and MRSA colo-
nization success in piglets, although our data reveal an endo-
toxin-associated effect on peripheral blood cells after
endotoxin exposure. In humans, endotoxin is shown to dam-
age respiratory endothelial cells [28] facilitating the ability of
MRSA to colonize the respiratory mucosa. In light of possible
injury to the upper respiratory tract epithelium, we expected a
longer nasal and pharyngeal MRSA colonization acting as a
source for spread and subsequent recolonization. Here again,
the statistical analyses revealed no prolonged MRSA coloniza-
tion in the EG compared to the CG, neither for the nose nor
for the pharynx. The comparable nasal MRSA colonization of
both groups suggests an intact nasal mucosa of the piglets de-
spite airborne endotoxin exposure. Our data are supported by
a study by Urbain et al. where no changes in the cell composi-
tion of nasal fluid after endotoxin nebulization were found,
and therefore, the influence of airborne endotoxin on intact
nasal mucosa was denied [10]. The cell counts of blood taken
after exposure in the aerosol chamber (day 1) mirror the expo-
sure to an endotoxin-containing MRSA aerosol and are not re-
lated to endotoxin alone. Since no changes in total leucocyte
and neutrophil count were found after the exposure to airborne
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MRSA alone (CG), the increase of the total leukocytes due to
a significant increase of neutrophils detected in the EG is
interpreted as being induced by endotoxin. Alterations in the
peripheral blood of endotoxin-exposed pigs were also found
by other groups [10, 29]. Thereby, our data imply that the ef-
fect of airborne endotoxin in our aerosol chamber on the im-
mune system is comparable to those in animals continuously
exposed to high levels of endotoxin in pig barns. Although
airborne endotoxin exposure in the aerosol chamber resulted
in a typical immune response, the effect on MRSA coloniza-
tion success of piglets could not be found. One possible expla-
nation might be the duration of endotoxin exposure. Short-
term exposure (i.e., 6 h) had no effects on the composition of
nasal lavage, bronchoalveolar lavage (BAL), and blood com-
ponents attributed to the endotoxin exposure alone [31]. Jolie
et al. found a significantly higher neutrophil and alveolar mac-
rophage concentration in the BAL after long-term endotoxin
exposure (i.e., 15 weeks), indicating a systemic inflammatory
response, though in the absence of clinical signs [30]. Further-
more, in a field study, discrepancies were found in the im-
mune response between pigs and broilers despite the equal
endotoxin concentration in the environment of investigated
barns [29]. Roque et al. explained their findings with the lon-
ger endotoxin exposure of pigs (5-month fattening period)
compared to broilers (1-month fattening period) [29]. The au-
thors concluded that endotoxin weakens the piglets' immune
defense against pathogens underlining that a possible role of
airborne endotoxin favoring MRSA colonization in field can-
not be neglected. In livestock, pigs are constantly exposed to
endotoxin during the complete fattening period and, therefore,
a MRSA colonization promoting effect of endotoxin-contain-
ing air might be possible despite no effects being observed
when exposing the animals for 24 h in an aerosol chamber.

Additional pollutants in the pigsties' environment (e.g., am-
monia, carbon dioxide, and hydrogen sulfide) may also affect
the airways and could influence, together with endotoxin,
MRSA colonization as discussed by Urbain et al. [10]. The
authors could show that exposing pigs to airborne endotoxin
resulted in damaged nasal mucosa only when challenging the
animals with ammonia beforehand. In another study by Folge-
mark et al., guinea pigs were exposed to endotoxin with and
without β(1,3)-D-glucans—a cell wall component of fungi—
and found stronger inflammatory airway responses in the ani-
mals exposed to both agents compared to the animals chal-
lenged with endotoxin alone [32]. The findings of Urbain
et al. and Folgemark et al. support the assumption that air-
borne endotoxin might be a contributing factor for developing
respiratory diseases when combined with other common fac-
tors occurring in pig barn air [10, 32]. Our results indicate that
airborne endotoxin alone—at least when exposed for 24 h
only—does not promote MRSA colonization in piglets.

The discrepancy between the airborne MRSA dose regu-
larly found in pigsties (102 cfu/m3) by Friese et al. [5] associ-
ated with the high MRSA prevalence in pigs and the effective
dose for successful permanent colonization found in our ani-
mal trial (106 cfu/m3 [4]) is presumably due to the multifacto-
rial nature of the pigsties' environment. Pigs are naturally
exposed to numerous other factors that may influence the abil-
ity of MRSA to colonize pigs. Apart from the diverse pollut-
ants in the pigs' environment, the MRSA colonization might
also be driven by treatment with antibiotics and metallic ox-
ide. In our study, dexamethasone decreased the number of
lymphocytes 48 h after treatment same as that of weaned pig-
lets in the field [15]. Due to the understudied effects of dexa-
methasone, this treatment regime resulted in a higher
clearance of MRSA and was, therefore, potentially not ade-
quate to imitate chronic weaning stress in pigs occurring in
intensive pig production. Airborne endotoxin exposure in the
aerosol chamber did not lead to a different MRSA coloniza-
tion. Hence, future studies should use combinations of possi-
ble predisposing factors promoting MRSA colonization in
order to study successful MRSA colonization in pigs.

In conclusion, we have shown that the airborne LA-MRSA
colonization is independent of the piglets' immune status.
MRSA in the pigs' environment is considered one of the main
sources for the animals' colonization [33, 34]. To prevent a re-
entry of dust-borne MRSA from particles deposited in the en-
vironment, reducing the MRSA burden by a stringent cleaning
and disinfection regime is crucial.
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