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1 GENERAL INTRODUCTION

Since the first description of a “general adaptation syndrome”, nowadays known under the term
“stress” by Hans Selye (1936), there has been extensive research regarding the biological
mechanisms and mediators behind this phenomenon and its physiological and psychological
consequences. Today, the definition of stress commonly includes the causal stimulus, called the
stressor, the perception of the same by the central nervous system (CNS) and the successional
physiologic reaction that is launched as a response to the stressor (Dhabhar and McEwen, 1997).
Already in his pioneering publication, Selye described three phases, an acute phase, or “general
alarm reaction”, lasting from six to 48 hours, succeeded by a second stage where restrictions of
physiologic functions, e.g. lactation and growth, occur, followed by a “resistance” of the
animals. If stressor exposure continues over one to three months, the third stage is entered where
resistance is lost and stress symptoms reoccur. Selye calls this the “phase of exhaustion”. We
now know that the physiologic reactions described here are caused by the release of so-called
“stress hormones” upon activation of the sympathetic-adrenal-medullary (SAM) axis and the
hypothalamic-pituitary-adrenal (HPA) axis. After sensory information about a stressor reaches
the CNS, the SAM axis is activated via the sympathetic nervous system, a part of the autonomic
nervous system. Its preganglionic neurons leave the brain via the sympathetic trunk and
sympathetic nerve fibres are spread universally throughout the body, including the adrenal
gland (Elenkov et al., 2000). The adrenal medulla works as a modified sympathetic ganglion
and releases the catecholamines (CAs) adrenaline (ADR) and noradrenaline (NA) into the blood
stream upon activation by the preganglionic neuron (Silverthorn et al., 2016). In addition, NA
is released directly from synaptic vesicles of postganglionic neurons into the different tissues
since it serves as a neurotransmitter in almost all sympathetic nerve terminals. Due to this “hard-
wiring” of the brain and the periphery, these processes take place within seconds after sensory
perception of a stressor, whereas activation of the HPA axis takes a few minutes (Sapolsky et
al., 2000). Here, the signalling process starts with the amygdala activating the neurons in the
paraventricular nucleus of the hypothalamus (Herman et al., 2003), which react by secreting
corticotropin-releasing factor (CRF) into the portal blood vessel system of the pituitary stalk.
This network connects the hypothalamus with the posterior pituitary or neurohypophysis
(Silverthorn et al., 2016). The pituitary reacts to CRF by secreting adrenocorticotropic hormone

(ACTH) into the blood stream, which by this means reaches the cortex of the adrenal gland and
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stimulates the biosynthesis of glucocorticoids (GCs). Originating from cholesterol, either
cortisol (most mammals) or corticosterone (amphibians, reptiles, birds, rodents) is produced
and released into the blood stream (Katsu and Iguchi, 2016). Almost all cells of the body express
the GC receptor (GR) and most have at least one of the different CA receptors (Perez, 2006;
Rosenfeld et al., 1988). Due to alternative splicing, there are several GR isoforms, which are
all acting as a transcription factor and are therefore located intracellularly (Vandevyver et al.,
2014). This mode of action causes further delay between the first perception of a stressor and
the biological reaction to GCs, which can first be observed after about one hour (Sapolsky et
al., 2000). Contrarily, adrenoceptors (ARs) are membrane-bound G protein-coupled receptors
transducing the hormonal signal instantaneously into a cellular reaction upon CA binding by
mechanisms involving phospholipase C or adenylyl cyclase. There are al and a2 as well as
ARs with three subclasses, respectively, whose differences in tissue distribution and ligand
affinity are responsible for the multitude of possible CA effects (Perez, 2006; Strosberg, 1993).
Both stress hormone classes can thus influence functions like glucose and lipid metabolism,
blood pressure, lung ventilation, muscle perfusion, heart rate and many more to enable the body
to react appropriately to the stressor (Antonelli et al., 2012; Ferrer-Lorente et al., 2005; Gordan
et al., 2015; Janig, 2006). Another important system immediately sensing and reacting to stress
hormone secretion is the immune system (Elenkov et al., 2000; Sapolsky et al., 2000). The
body’s defence system against diseases, caused by e.g. pathogens or mutated body cells,
consists of an innate and an adaptive arm, which are both further divided into a cellular and a
humoral part (Murphy and Weaver, 2017). Both acute and chronic stress can influence the
distribution and functionality as well as the lifespan of those different immune cell types.
Generally, acute stress — which lasts minutes to hours and is mainly CA mediated — causes
immune activation by enhancing both innate and adaptive immune responses, vaccine
efficiency and anti-tumour immunity via leukocyte trafficking and cytokine secretion (Dhabhar,
2018). In the following phase, this increased immune reactivity is dampened by GC release to
prevent overshooting inflammation (Dhabhar, 2018). If the stressful event continues or
repeatedly recurs, stress can become chronic and cause detrimental outcomes like
immunosuppression and dysregulation, resulting in increased susceptibility to infection and
autoimmune reactions (Glaser and Kiecolt-Glaser, 2005). Independently of duration, also the
individual coping strategy of an animal can result in a predominant activation of only one stress
axis, especially in social stress scenarios (Koolhaas, 2008). Submissive animals with a reactive
coping style often show signs of social defeat like passively crouching in corners and avoiding
contact with dominant individuals accompanied by a marked increase of plasma GC
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concentrations (Bohus et al., 1987; Henry, 1982; Holst, 1997; Veenema et al., 2005). Contrarily,
subdominant animals with a proactive coping behaviour show increased activity, aggression
and preparedness to fight combined with a predominant activation of the SAM axis (Koolhaas
etal., 2007; Sgoifo et al., 1999). There is also some evidence for differential immune alterations
depending on coping style and the endocrine responses relating thereto. A reactive coping style
is for example associated with decreased lymphocyte proliferation or anti-tumour-immunity
(Hardy et al., 1990; Vegas et al., 2006) while proactive animals show an upregulation of
proinflammatory cytokines and reduced tumour growth (Kavelaars et al., 1999; Teunis et al.,
2002). In pigs, a reactive coping style is associated with a shift from cellular to humoral
immunity compared to proactive animals (Bolhuis et al., 2003; Hessing et al., 1994; Schrama
etal., 1997).

In the last few decades, many studies focused on investigating the effects of different stress
types (e.g. social, thermal or infectious) and stress durations (acute vs. chronic) as well as
individual coping strategies (proactive vs. reactive) on the immune system and the underlying
endocrine regulation. For a long time, the main focus lay on the anti-inflammatory effect of
GCs, which can be used pharmacologically to treat allergies and autoimmune diseases
(Coutinho and Chapman, 2011; Okano, 2009). After a natural elevation of blood GC
concentrations, T and B lymphocyte numbers strongly decrease while neutrophil granulocyte
numbers rise (Bilandzi¢ et al., 2005; Engler et al., 2004; Zahorec, 2001). Functionally, GCs
favour phagocytic functions of the innate immune system (Barriga et al., 2001; Forner et al.,
1995; Ortega, 2003) and shift adaptive immunity from proinflammatory T helper (TH) 1- to
anti-inflammatory Tn2 responses (Almawi et al., 1999; Blotta et al., 1997; Elenkov, 2004;
Engler et al., 2004; Gillis et al., 1979; Miyaura and Iwata, 2002).

When it comes to CAs, research has long focussed on their cardiovascular effects and the
accompanying medical usefulness, while their impact on the immune system remains to be fully
understood, especially in species other than laboratory rodents. Through binding to f2-ARs on
immune and endothelial cells, CAs cause an elevation of monocyte, neutrophil granulocyte and
natural killer (NK) cell numbers in the blood (Benschop et al., 1996; Dimitrov et al., 2010;
Engler et al., 2004). These innate immune cells have phagocytic and cytotoxic functions and
hence contribute to a rapid pathogen control as it may be necessary in a fight-or-flight situation
with enhanced risk of injury and infection (Dhabhar, 2018; Dimitrov et al., 2010). Alongside
with immune cell trafficking comes a modulation of different leukocyte functions through -

or B-AR binding. While it has been demonstrated that NK cell cytotoxicity is mostly hampered
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via 2-ARs (Ben-Eliyahu et al., 2000; Rosenne et al., 2013; Shakhar and Ben-Eliyahu, 1998),
especially T and B lymphocyte functionality can be either exacerbated or dampened, depending
on AR ratio and extent of the CA elevation (Connor et al., 2005; Elenkov et al., 2000; Felsner
et al., 1995; Hadden et al., 1970; Strahler et al., 2015).

But not only the tissues and cells of animals and humans are affected by the release of CAs.
Due to the extensive distribution of noradrenergic nerve endings, NA can reach high local
concentrations, accompanied by diffusion of the hormone over barriers to the outside world,
like the epithelium of the oral cavity, intestine, lung or the skin (Eldrup and Richter, 2000;
Furness, 2000; Purves and Williams, 2001). In stressful situations, CAs can also cross this
border due to spillover from the blood circulation (Aneman et al., 1996; Purves and Williams,
2001). These niches are inhabited by — mostly commensal but also pathogenic — microbes and
it comes as no surprise that many of them have evolved the ability to sense host CAs and other
hormones (Lyte et al., 2011; Sandrini et al., 2015). It was even found that some bacterial species
are able to produce CAs themselves (Asano et al., 2012; Malikina et al., 2010; Tsavkelova et
al., 2000). NA can thus be used to gain iron, which is important for bacterial growth, as it forms
complexes with the iron bound to transferrin, leading to its release (Miethke and Skerra, 2010;
Sandrini et al., 2010; Schaible and Kaufmann, 2004). Additionally, many bacterial species are
able to sense CAs by their quorum sensing (QS) systems (Clarke et al., 2006; Hegde et al.,
2009; Sperandio et al., 2003). QS is a form of bacterial cell-to-cell communication through the
secretion and sensing of microbial signal molecules, so-called autoinducers (Dyszel et al., 2010;
Michael et al., 2001; Sun et al., 2004; Waters and Bassler, 2005). If this system is activated
upon CA binding, it can lead to an increase of for example proliferation, motility or attachment
to the epithelium and therefore also serves as a bacterial sensor for host stress, which is
answered by increasing pathogenic traits (Bearson and Bearson, 2008; Freestone et al., 1999;
Freestone et al., 2007; Halang et al., 2015; Lyte et al., 1997). Especially in the gut, where half
of the entire NA amount of the body is located (Sandrini et al., 2015) and the microbial
community is outstandingly big and diverse (Quigley, 2013), stress can thus have a substantial
effect on the equilibrium of residing and invading bacteria and the risk of developing food-

borne diseases like salmonellosis (Verbrugghe et al., 2012).

Salmonellosis is one of the most common causes of gastroenteritis globally and caused by
bacteria of the Salmonella genus, most importantly by the serovars Typhimurium and
Enteritidis of Salmonella enterica ssp. enterica (Hendriksen et al., 2011; Scallan et al., 2011).

Since it is a zoonotic pathogen that can among others infect pigs and poultry, it is most
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prevalently spread by eating contaminated meat or eggs (Boyen et al., 2008; Whiley and Ross,
2015). Especially porcine salmonellosis is difficult to eradicate since most pigs do not develop
symptomatic infections or only mild symptoms, and therefore are usually not treated with
antibiotics (Boyen et al., 2008; Helaine et al., 2014). Furthermore, Salmonella can persist
chronically by hiding intracellularly in macrophages and lymphoid tissues (Eisele et al., 2013;
Lathrop et al., 2015; Wood et al., 1989). In stressful situations, like transport to the
slaughterhouse, those asymptomatic persisters get reactivated, leading to an increased shedding
of the bacteria and increased meat contamination (Casanova-Higes et al., 2017; Verbrugghe et
al., 2011; Verbrugghe et al., 2016). The mechanisms behind both stress-induced increase of
primary infection and recrudescence of latent infections are far from being fully elucidated.
Beside altered gut motility, mucus production and epithelial barrier function, CA sensing by
Salmonella and a subsequent change in bacterial behaviour may be of crucial relevance (He et
al., 2019; Konturek et al., 2011; Lyte et al., 2011).

Not only because of this zoonotic relationship between pigs and humans but also due to the
many biological similarities between these species, the domestic pig represents a valuable
animal model to take a closer look at the interplay of stress, the immune system and bacteria.
To begin with, there are many anatomical consistencies: pigs have a similar size and body
weight and the inner organs resemble the size of those of humans more closely than those of
mice (Swindle et al., 2012; Tumbleson, 1986). Also, regarding the anatomy of immune organs,
the pig resembles in many aspects the situation in humans, like for example the arrangement of
lymphatic tissue in the nasopharynx (Horter et al., 2003), though there are also differences,
most apparent in the inverse architecture of porcine lymph nodes (Gerdts et al., 2015). In terms
of immune cell numbers and functionality, the porcine immune system shows more similarities
to humans in more than 80% of analysed parameters whereas the murine immune system was
only closer to that of humans in less than 10% (Dawson, 2012; Fairbairn et al., 2011; Meurens
et al., 2012). The stress axes that impact immune functionality are also very similar between
pigs and humans regarding the preferred GC (cortisol vs. corticosterone) and GC sensitivity as
well as diurnal rhythmicity (Engert et al., 2018; Kanitz et al., 1999; Roth and Flaming, 1990;
Ruis et al., 1997). Regarding the suitability of the pig as a model for gastrointestinal infections,
it is also beneficial that both humans and pigs are omnivores with a correspondingly structured
gastrointestinal tract (Heinritz et al., 2013; Roura et al., 2016; Zhang et al., 2013). As a practical
issue, the pig’s size and lifespan makes it possible to catheterize veins for repeated blood

sampling over long periods of time.
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In addition to being an excellent model for research in psychoneuroimmunology and infection
immunology, the pig is interesting to study in its function as one of the most important farm
animals. During the complete production cycle, pigs are repeatedly exposed to stress and risk
of infection. Beginning from weaning at the age of three to four weeks and until slaughter at
about six months, stressors like separation from the dam, regrouping, space limitation,
transportation and changes in diet and temperature are common (Kick et al., 2011; von Borell,
2001). Previous studies have examined some of those stressors and their impact on the immune
system. A decrease of lymphocytes and increase of neutrophils in the blood, resulting in a shift
from adaptive to innate immunity, is a consistent finding over different stressors and age groups
(Krebs and McGlone, 2009; McGlone et al., 1993; Salak-Johnson et al., 1996; Sutherland et al.,
2009). Functionally, a lower lymphocyte proliferation and TNFa production but also an
increased NK cell cytotoxicity and antibody response could be observed (Deguchi and
Akuzawa, 1998; Griin et al., 2014; Hicks et al., 1998; Kanitz et al., 2004; Rudine et al., 2007;
Tuchscherer et al., 2009). However, most studies did not measure plasma stress hormone
concentrations and it can be assumed that most investigated stressors activate both HPA and
SAM axis, making it impossible to discern GC and CA effects. Though few studies have
examined the impact of GCs alone (Lo et al., 2005; Schwarz et al., 2005; Tuchscherer et al.,
2016; Westly and Kelley, 1984), they have either used pharmacological doses or did not include
important functional parameters and leukocyte subsets. The specific impact of CAs, however,
has not been investigated at all in pigs. Studying the separate effects of cortisol, adrenaline and
noradrenaline on porcine immune cell numbers and functions can thus contribute to basic
science and help better understand and prevent stress-induced immunomodulation in livestock
husbandry. Furthermore, to investigate the interplay of porcine immune cells and Salmonella
under the influence of stress hormones has the potential to improve infection control, thus

serving both animal welfare and public health.

1.1 Main research objectives and methodical approach

The main objective of the present doctoral thesis was to investigate the separate effects of
cortisol, adrenaline and noradrenaline on the numbers of blood immune cell subsets and
functionality of both innate and adaptive immunity in domestic pigs. As a second focus, the
impact of catecholamine-treated Salmonella Typhimurium cultures on porcine immune cell
functionality was assessed to contribute to a better understanding of a stress-related increased

risk of infection. To address these topics, in vitro and in vivo experiments were designed,
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resulting in three separate studies that are described in detail in the manuscripts included in this
thesis. In general, male castrated fattening pigs, hybrids of the commercial breeds German
Landrace and Pietrain, were used as experimental animals. All animals were surgically
equipped with indwelling vein catheters (Kraetzl and Weiler, 1998) to enable blood sampling
without endogenous stress-hormone release and to allow intravenous stress-hormone infusion.
Analysis of the blood samples was performed using an automated haematological analyser and
flow cytometry after staining with immunofluorescent monoclonal antibodies to delineate
various immune cell subsets. For determination of plasma catecholamine concentrations, high
performance liquid chromatography (HPLC) was used and cortisol was determined via
radioimmunoassay (RIA). Functional assays included determination of plasma antibody
concentrations via enzyme-linked immunosorbent assay (ELISA), flow cytometry-based
analysis of phagocytosis and cytokine production and determination of lymphocyte
proliferation was done measuring mitogen-induced uptake of tritiated thymidine. Differences

between treatments were assessed statistically using linear mixed model analysis.

1.2 Overview of the included manuscripts

MANUSCRIPT |

Glucocorticoids and Catecholamines Affect in Vitro Functionality of Porcine Blood

Immune Cells
Published in Animals 9, 545 (2019)

Since information about cortisol impacts on porcine immune cell functionality is incomplete
and the effects of catecholamines have not been investigated at all in pigs, the first study was
designed as an in vitro experiment. The primary objective was to evaluate the effects of different
doses of cortisol, adrenaline and noradrenaline on important porcine immune functions in a
well-controlled environment and thus establish a basis for later in vivo investigations. In total,
32 barrows served as blood donors for in vitro testing. Pigs were individually penned and held
under standard experimental conditions with twelve hours of light per day and concentrate
feeding twice daily, with ad libitum access to hay and water. Blood was collected after feeding
in the morning, followed by separation of peripheral blood mononuclear cells (PBMC). Upon
addition of a wide range of concentrations of cortisol, adrenaline or noradrenaline, lymphocyte

proliferation was determined via a °H-thymidine assay and the number of TNFa/IFNy
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producing immune cell subsets were assessed flow cytometrically by intracellular staining of

the cytokines. Differences between treatments were verified by linear mixed model analysis.

MANUSCRIPT 11

Intravenous Infusion of Cortisol, Adrenaline, or Noradrenaline Alters Porcine Immune

Cell Numbers and Promotes Innate over Adaptive Immune Functionality
Published in The Journal of Immunology 204 (12), 3205-3216 (2020)

The aim of this study was to investigate the effects of elevated blood levels of one stress
hormone at a time on both immune cell numbers and functionality in pigs. The 34 experimental
animals were housed in individual pens with 14 hours light per day and standard feeding as in
the first experiment. For this experiment, both cephalic veins were surgically cannulated to
enable blood sampling alongside to infusion, which was carried out by automated infusion
pumps. After an initial control phase, where all pigs received saline, the animals were infused
with either cortisol, adrenaline, noradrenaline or saline for 48 hours. Stress hormones were
applied in concentrations leading to plasma levels comparable to those occurring under mild
stress. For the first time, the numbers of different leukocyte subsets were described in this detail
by flow cytometric methods. Furthermore, lymphocyte proliferation, plasma antibody
concentrations and number and activity of phagocytic cells were assessed, giving a valuable
overview of the porcine immune system under the influence of a single stress hormone. This
study was able to fill knowledge gaps about the effects of physiologically elevated cortisol
concentrations and is the first report at all concerning particular adrenaline and noradrenaline
impacts on the porcine immune system in vivo. Statistical differences between the treatments

at different time points during and after infusion were proved with linear mixed models.

MANUSCRIPT 111

Interkingdom Cross-Talk in Times of Stress: Salmonella Typhimurium Grown in the

Presence of Catecholamines Inhibits Porcine Immune Functionality in vitro
Published in Frontiers in Immunology 11: 572056 (2020)

After establishment of an in vitro model to assess porcine immune functionality upon addition
of different substances in the first experiment, the objective of this study was to go one step

further and assess the effects of catecholamine-treated Salmonella Typhimurium cultures on
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porcine leukocytes. In total, 18 barrows were housed in single pens under standard conditions
with 14 hours of light per day. The experimental design was chosen analogous to that of the
first study, but this time cells were treated with supernatants from S. Typhimurium grown upon
addition of adrenaline, noradrenaline or the adrenaline oxidation product adrenochrome. This
is the first study to demonstrate effects of stress hormone-treated bacteria on mammalian
immune cells, thus adding a new dimension to interkingdom-signalling. Differences between

the supernatants were shown with linear mixed models.
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Simple Summary: In modern livestock husbandry, animals may face stressful events like
weaning, regrouping, or transportation, all of which can impair animal welfare and health.
Research in model organisms has revealed that stress hormones, such as glucocorticoids and
catecholamines, strongly modulate the immune system and thus the animals’ ability to fight
infections. In the pig, knowledge about this relationship is rare, and results from rodents cannot
readily be transferred due to some physiological differences. Therefore, the effects of
glucocorticoids and catecholamines on porcine immune cell proliferation and the production of
the pro-inflammatory cytokine TNFa were investigated in an in vitro study. Blood was obtained
from catheterized pigs to exclude pre-exposure to stress hormones. Glucocorticoids exerted
inhibitory effects on both investigated immune functions. Catecholamines, on the other hand,
showed diverse effects on lymphocyte proliferation and TNFa production of particular immune
cell types. This suggests that studies from model species are not entirely transferrable to pigs.
Future research should extend the preliminary findings on cytokine production and focus on the

molecular mechanisms and health impacts of stress hormones in pigs.

Abstract: Stress hormones exert important modulating influences on the functionality of
immune cells. Despite its major role as a livestock animal and its increasing use as an animal
model, knowledge about this relationship in the domestic pig is rare. This study therefore aimed
to characterize the effect of glucocorticoids and catecholamines on the proliferation and
cytokine production of porcine peripheral blood mononuclear cells (PBMC). Blood was
obtained from donor pigs equipped with indwelling catheters to exclude stress hormone
exposition before in vitro testing. PBMC were stimulated in the presence of cortisol, adrenaline
or noradrenaline at concentrations resembling low to high stress conditions. Proliferation was
determined via H-thymidine incorporation, and TNFa producers were quantified by
intracellular cytokine staining. Cortisol led to a decrease in mitogen-induced lymphocyte
proliferation and the number of TNFa producing cells. In contrast, catecholamines increased
proliferation while exerting repressive or no effects on the number of cytokine producers.
Remarkably, in concentrations presumably found in lymphatic tissue in stress situations,
noradrenaline suppressed lymphocyte proliferation completely. The shown repressive effects
might especially have implications on health and welfare in pigs. The obtained results provide
a preliminary database for extended studies on the molecular mechanisms of glucocorticoid and

catecholamine actions on porcine immune cells.

Keywords: pig; stress; immune system; cortisol; adrenaline; noradrenaline; catecholamines;

lymphocytes; cytokines
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1. Introduction

The physiological stress response enables the body to cope with threats via predominantly
adaptive alterations in cardiac function, energy metabolism and the immune system [1-3].
However, if stress exposure lasts for a long time, it can negatively affect animal welfare and
health. Chronically elevated levels of stress hormones, namely glucocorticoids (GCs) and the
catecholamines (CAs) adrenaline (ADR) and noradrenaline (NA), contribute to an impaired
immune function leading to increased risk of infection and reduced animal welfare [4,5]. Efforts
to reduce the use of antibiotics in animal husbandry also require a well-functioning immune
system and the prevention of stress-induced immunosuppression. For these reasons, it is of
utmost importance to understand the actions of the particular stress hormones on different
immune functions. So far, this topic has mostly been studied in humans and rodents. It was thus
shown that GCs can inhibit important immune functions such as lymphocyte proliferation [6,7]
and the production of pro-inflammatory cytokines like TNFa and IFNy [8,9]. ADR and NA can
exert effects similar to cortisol with lower proliferation [10] and cytokine production [11,12].
However, they may also lead to immune activation [13,14], depending on experimental

conditions, such as dose or the timing of treatment [15].

In modern pig husbandry systems, animals face many potential stressors that can cause a release
of GCs and CAs [5,16]. Cortisol (C), as the main GC in pigs, can thus be raised from basal
levels of 20-30 ng/mL (8.3 x 108 M) to a plasma concentration of about 350 ng/mL (9.7 x
107" M) in highly stressful situations [17,18]. Using blood samples from catheterized pigs and
thus avoiding a rapid CA release due to stressful sampling techniques, basal plasma ADR
concentrations of approximately 180 pg/mL (10~° M) and NA concentrations of around 325
pg/mL (2 x 107° M) were found [19]. In acute stress situations, plasma ADR concentrations can
range between 700 pg/mL (1.5 x 10°° M) and 100 ng/mL (5.5 x 10~" M), while NA may reach
levels between 1700 pg/mL (10 M) and 300 ng/mL (1.8 x 10°® M) [20,21].

Even though the increase of GCs and CAs upon stressor exposure is well documented in pigs,
only a few experiments have studied the functionality of immune cells under the influence of
stress hormones in this important livestock species so far. It was shown, for example, that social
isolation, weaning, restraint or regrouping led to an increase in endogenic cortisol production,
thus resulting in the suppression of lymphocyte proliferation [16,17,22—24] and a reduced
expression of pro-inflammatory cytokines [21,25,26]. However, it is likely that these immune-
modulating effects cannot solely be attributed to cortisol, as a concurrent activation of the

sympathetic nervous system (SNS) which leads to the secretion of ADR and NA is probable.
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Studies that separately examine the effect of stress hormones in pigs are rare, and there are no
studies on the specific effects of CAs on the functionality of porcine immune cells. It cannot
readily be assumed that the effects of stress hormones observed in rodent studies are the same
in pigs, as there are some important anatomical and physiological species differences. For
example, the circadian rhythm of the plasma GC concentrations and blood immune cell
numbers of rodents are opposite to that of pigs with regard to light and darkness [27-29].
Moreover, it is assumed that the porcine hypothalamus—pituitary—adrenal (HPA) axis is less
sensitive than its rodent counterpart [30,31] while having ontogenetic similarities to humans
[32]. Therefore, it would be premature to assume that findings from rodent studies are fully
transferable to pigs. To get a better understanding of stress-induced immunomodulation in pigs,
more studies are needed. A useful first approach is to examine the actions of the different stress
hormones separately in a controlled in vitro environment, where conditions can be standardized

and disruptive factors can be minimized compared to in vivo models.

The aim of the present study was thus to investigate the impact of different infra-to-
supraphysiological concentrations of cortisol, adrenaline and noradrenaline on porcine
lymphocyte proliferation in vitro. In addition, we also examined the effect of the three stress

hormones on the number of TNFa producing immune cells among different leukocyte subsets.

2. Materials and Methods
2.1. Animals and Sampling

All procedures were conducted according to the ethical and animal care guidelines and
approved by the local authority for animal care and use (Regional Council Stuttgart, Germany;
ethical approval code: V324/15TH). In total, 32 castrated male pigs (German Landrace x
Pietrain, 7-10 months old, body weight range 90-120 kg), divided into three consecutive
experimental trials with 10-12 animals each, were available as blood donors for this study.
Blood from each individual donor pig was used only once for each tested immunological
parameter. The barrows were housed individually in pens (7 m2) with sight and tactile contact
through the bars. Concentrate (1.3-1.5 kg/meal, ME 12 MJ/kg) was fed twice daily (0730 and
1500), and pigs had ad libitum access to water and hay. Pens were cleaned daily after feeding
in the morning and littered with dust-free wood shavings. Light was turned on from 0630 until
2030. Since blood sampling methods including fixation by nose snare or obtaining blood at

slaughter already resemble stressful conditions and thus compromise a controlled investigation
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of defined hormone concentrations, pigs were equipped with indwelling vein catheters via Vena
cephalica cannulation. Surgery was performed as published by Kraetzl and Weiler [33] with
modifications described in Engert et al. [29] at least 14 d before sampling. All animals were
thoroughly habituated to human handling to ensure stress free blood sampling via the vein
catheters. Blood (10 mL per animal) was collected into lithium heparin tubes (Sarstedt,
Numbrecht, Germany) at 0830.

2.2. Isolation of Peripheral Blood Mononuclear Cells (PBMC)

Porcine peripheral blood mononuclear cells (PBMC) were separated using LeucosepTM
centrifuge tubes (Greiner Bio-One, Frickenhausen, Germany) and Biocoll (density: 1.077
g/mL, Biochrom, Berlin, Germany) according to the manufacturer’s protocol with the following
modifications: After separation, cells were washed in PBS (Biochrom) supplemented by 2 mM
EDTA (Sigma-Aldrich, Taufkirchen, Germany) and subsequently in RPMI 1640 supplemented
by 5% inactivated fetal calf serum (FCS) and 50 pug/mL of gentamycin (all Biochrom). PBMC
were then suspended in RPMI 1640 supplemented with 10% FCS and 50 pg/mL gentamycin,
and cell concentration was measured using a Z2 Coulter Counter (Beckman Coulter, Krefeld,

Germany).
2.3. Lymphocyte Proliferation Assay

Using the PBMC of 20 donor pigs from Trials 1 and 2, a mitogen-induced lymphocyte
proliferation assay was performed as previously described [34], including a dilution series of
each investigated hormone. In brief, 1.5 x 10° of PBMC were seeded per well and stimulated
with 5 pg/mL concanavalin A (ConA) or 5 pg/mL pokeweed mitogen (PWM, both Sigma-
Aldrich) of left without stimulation. Stimulated samples were left without hormones or
additionally supplemented with either C, NA or ADR in final concentrations of 1072, 10°°,
1078, 1077, 10°% or 10°° M, covering miscellaneous possible plasma concentrations from
calmness to high stress. All treatments were done in triplicates. A second experiment with the
PBMC of 12 barrows from Trial 3 was conducted including only NA in concentrations of 107°,
10°°, and 10 M, resembling the presumed milieu around noradrenergic nerve endings in
lymphatic tissues [35,36]. Cells were incubated at 39 °C and 5% CO2 for 48 h, after which 0.25
UCi H-thymidine were added for a further 24 h. Cells were harvested on glass fiber filters
(Sigma-Aldrich), and the incorporated amount of radioactivity was measured in counts per
minute (cpm) by a liquid scintillation analyzer (PerkinElmer, Rodgau, Germany). For statistical

analysis, the cpm of the unstimulated triplicates were subtracted from the stimulated ones to
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obtain the Acpm. In the NA high-dose experiment, cpom were used for data analysis, as the

highest NA dose led to negative Acpm values.
2.4. Intracellular Cytokine Staining

For the investigation of the effects of stress hormones on the number of immune cells producing
pro-inflammatory cytokines, an intracellular staining technique was conducted with the blood
of 23 pigs from Trials 2 and 3. After separation, 10° of PBMC were transferred into sterile
polystyrene tubes and, after the addition of either stress hormone in high (10 M) or moderate
(1078 M) concentrations or no hormone at all, cells were either left unstimulated or stimulated
with 5 pg/mL PWM, which was found best suitable to elicit TNFa production without
overstimulation, ensuring a sufficient sensitivity to hormone effects in own preceding
experiments. To inhibit the secretion of cytokines, 1 pg/mL of brefeldin A was added. Cells
were incubated for 4 h (39 °C, 5% CO3) and subsequently fixated with a formaldehyde buffer
(PBS, 2mM EDTA, 0.5% FCS, 0.5% Roth-Histofix formaldehyde, Karl Roth GmbH,
Karlsruhe, Germany) for 20 min at room temperature. Then, cells were permeabilized using a
saponin buffer (PBS, 2mM EDTA, 0.5% FCS, 0.05% saponin) and stained (15 min, 6 °C) with
the following antibodies: CD3g-biotin (clone PPT3, Acris Antibodies, Herford, Germany) and
streptavidin-V500, CD4-PerCP-Cy5.5 (clone 74-12-4), CD8a-AlexaFluor 647 (clone 76-2-11),
IFNy-PE (clone P2G10, all BD Biosciences, NJ, USA) and TNFa-PacificBlue (clone Mab11,
Biolegend, San Diego, CA, USA). Afterwards, cells were washed in saponin buffer and
resuspended in PBS + 1 % FCS. Analysis was performed using a FACSCanto II™ flow
cytometer (BD Biosciences) with the software BD FACSDiva™ by evaluating the percentage
of cytokine-producing cells per population (10° events/sample). Populations were differentiated
based on surface marker expression into: Cytotoxic T cells (CTL; CD3*CD4 CD8a"%", ~10*
events), v T cells (CD3*CD4CD8a”, ~2 x 10* events), naive T helper (Tw) cells
(CD3*CD4*CDS8a’, ~10* events), antigen-experienced (Ag-exp.) Tw cells (CD3*CD4*CDS8a*,
~10* events) and natural killer (NK) cells (CD3"CD4CD8a*, ~10* events). Due to a high
background of IFNy in the unstimulated samples, only the number of total TNFa producers
were investigated and used for statistical analysis. For technical reasons, the intracellular
staining of monocytes was conducted with deep-frozen PBMC. Therefore, the PBMC of 6
animals of Trial 3 stored at —80 °C in DMSO (Sigma-Aldrich) were thawed in RPMI-10 at 37
°C and washed twice in RPMI-5 before determination of cell concentration. Stimulation was
conducted analogous to the first trial but with 1 pg/mL lipopolysaccharide (LPS; Sigma-
Aldrich) used as stimulant. Cells were then stained with the antibodies CD172a-PE (clone 74-
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22-15A, BD Biosciences) and TNFa-PacificBlue (clone Mab11, Biolegend). 5 x 10* events per
sample were recorded, and monocytes were defined as CD172a* cells (~2 x 10° events).

2.5. Statistical Analysis

Data were analyzed using SAS Version 9.4 (SAS Institute Inc., Cary, NC, USA). We used the
MIXED procedure of SAS with degrees of freedom determined by the Kenward—Roger method
[37]. Linear mixed-effect models included the factor treatment (addition of no hormone or
different concentrations of C, NA, or ADR) as a fixed effect and individual (1-20, 1-12, 1-23),
sampling date, and trial (1-3), as well as their interactions, as random effects. Normality and
variance homogeneity were confirmed by visually checking normal probability plots and plots
of fitted values versus residuals [38]. If necessary, square root or logarithmic transformation
was performed. For all comparisons, p < 0.05 was considered significant. All results are

presented as LS-means + standard error of the mean (SEM).

3. Results
3.1. Lymphocyte Proliferation

To investigate stress hormone effects on lymphocyte proliferation, we tested a wide range of
concentrations in a mitogen-induced proliferation assay. Compared to the hormone-free
control, cortisol caused a significant reduction of lymphocyte proliferation in a dose-dependent
manner. When PBMC were stimulated with ConA, this inhibitory effect occurred at a
concentration of 108 M and higher, whereas the proliferation of PWM-stimulated PBMC was
first inhibited upon addition of 1077 M cortisol (Figure 1a,b). In contrast, catecholamines
generally had an enhancing impact on lymphocyte proliferation, but the magnitude of the effect
of adrenaline or noradrenaline action was dependent on CA dose and mitogen (Figure 1c—f).
Noradrenaline increased ConA-induced proliferation in all tested concentrations (Figure 1c).
An enhancing effect could also be observed on PWM-stimulated PBMC proliferation but at a
lower magnitude and only for the highest tested concentration of 10> M. Similarly, adrenaline
led to a higher proliferation of mitogen-stimulated PBMC, but, here, the effect was much more
pronounced for PWM than for ConA. If stimulated with PWM, all investigated concentrations
enhanced lymphocyte proliferation significantly (Figure 1f), while ConA-stimulated
proliferation was enhanced only for 10° M ADR (Figure 1e).
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Figure 1. Lymphocyte proliferation after incubation with cortisol (A,B), noradrenaline (C,D) or
adrenaline (E,F) (107°-107° M) and one of the mitogens concanavalin A (ConA) (A,C,E) or pokeweed
mitogen (PWM) (B,D,F) in vitro (n = 20). Data are presented as Ismeans + standard error of the mean
(SEM) of Acpm (counts per minute) of the untransformed data. Asterisks indicate significant differences
between treatment and hormone-free control (0): * p <0.05; ** p <0.01; *** p <0.001.

Beside production by the adrenal medulla and release into the blood stream, noradrenaline is
also widely used as a neurotransmitter in the SNS. It can thus reach high local concentrations
at sympathetic nerve endings, which are present in abundance in lymphoid tissues [28,29].
Therefore, a further experiment was conducted using higher NA concentrations (Fig. 2). Again,
NA at concentrations of 10° and 10~° M caused an increase of PWM-induced proliferation. A

higher NA concentration of 10 M, however, led to a drastic reduction of cpm.

15

Tk

10° 10° 10*

Noradrenaline (M)

Figure 2. Lymphocyte proliferation after incubation with noradrenaline (10°-10* M) and the mitogen
pokeweed mitogen in vitro (n = 12). Data are presented as Ismeans + SEM of cpm (counts per minute)
of the untransformed data. Asterisks indicate significant differences between treatment and hormone-
free control (0): * p <0.05; ** p <0.01; *** p <0.001.
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3.2. Intracellular Cytokine Staining

To get a more differentiated picture of the impact of stress hormones on immune cell activation,
we used an intracellular staining technique which allowed us to quantify TNFa producers
separately for different immune cell types. The results of linear mixed model analysis are shown
in Table 1, and representative dot plots (i.e., antigen-experienced T cells) are shown in Figure
3. In all investigated leukocyte subsets except NK cells, cortisol at a concentration of 107° M
decremented the number of TNFa producers (Table 1, Figure 3C), while lower cortisol
concentrations of 108 M had no effect. For noradrenaline, on the other hand, neither of the
tested concentrations had a significant impact on TNFa producing cells in any of the
investigated cell types. Similar to cortisol, adrenaline reduced the number of cytokine-
producing cells in some leukocyte populations. TNFa producers were reduced among y6 T cells
and monocytes if ADR was added at a concentration of 107 M. The addition of ADR at the

low concentration of 1078 M had no significant effect on any of the investigated subsets.

Antigen-experienced T cells (CD3*CD4*CD8a")

A 0.4 B 121

TNFa

v

PE

Figure 3. Representative plots of TNFo producers among antigen-experienced T helper (Tw) cells.
Porcine peripheral blood mononuclear cells (PBMC) were stimulated with pokeweed mitogen and
antigen-experienced T cells were discriminated based on surface marker expression. TNFa is plotted
on the y axis against the PE channel on the x axis. TNFa-positive cells are shown in the rectangular
gates, numbers in the corner indicate the percentage of TNFa producers among antigen-experienced Ty
cells. Letters in the upper left corner indicate the treatment of the sample: A = No stimulation; B =
Stimulated hormone-free control; C = Cortisol (10 M); D = Noradrenaline (10°® M); E = Adrenaline
(10°° M).
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4. Discussion

In this study, we found inhibitory as well as stimulatory effects of stress hormones on the
proliferative capacity of porcine lymphocytes, depending on the hormone and concentration
applied. This study also provides preliminary data on the effects of stress hormones on cytokine
producing cells. Cortisol caused a significant reduction of lymphocyte proliferation in a dose-
dependent manner, which is in accordance with results from social stress experiments. Deguchi
and Akuzawa [17], for example, reported that, after regrouping, piglets showed elevated blood
cortisol concentrations of 2 x 10~ M accompanied by a reduced lymphocyte proliferation. In
the present study, this immunosuppressive effect could be confirmed by in vitro cultivation with
a similar amount of cortisol, proving the suitability of the chosen model. If stimulated with
PWM in the presence of 10" M cortisol, proliferation was still on the same level as the hormone-
free control. In mouse experiments, this concentration sufficed to inhibit lymphocyte
functionality [39], which may be another hint that the porcine HPA axis is less GC-sensitive

than their murine counterpart.

In contrast to cortisol, which takes a few minutes to rise and is responsible for the detrimental
immune outcome in chronic stress situations, catecholamines are released into the blood
circulation within seconds after a stressor [3,40]. As reviewed by Elenkov et al. [15], CAs can
have inhibitory or stimulatory effects on immune cell functionality, depending on immune cell
type, adrenoceptor (AR) type and abundance on these cells, as well as the localization and
timing of the CA release. The immunomodulatory properties of ADR and NA were already
investigated by Hadden et al. in the 1970s in an in vitro experiment on the phytohemagglutinin-
induced proliferation of human lymphocytes [41]. Similar to the data presented here, NA had a
B-AR-mediated inhibitory effect if 10°* M were added, whereas lower concentrations of 107’
M stimulated proliferation via a-ARs. An enhanced proliferation was also found in a study with
murine B cells stimulated under the influence of 107°~10> M NA [13]. For adrenaline, Hadden
et al. found no effect on lymphocyte proliferation and concluded that stimulating o- and
inhibiting p-adrenergic actions nullified each other. In contrast, adrenaline also had an
enhancing effect on proliferation in the present study, particularly distinct if PWM was used for
stimulation. This seems to indicate that NA effects on proliferation might be mediated by
similar mechanisms in human, murine, and porcine lymphocytes, while ADR seems to work
differently in pigs, possibly caused by a shifted AR-ratio. In other species, stimulatory a2-ARS

on B and T cells are upregulated under certain disease states [42]. Future research into type and
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quantity of ARs on porcine immune cells could reveal whether they express higher numbers of

a2-ARs than other species even under healthy conditions.

In order to get a more detailed picture on which cell types become activated or suppressed under
the influence of stress hormones, we assessed cytokine production on the cellular level. In pigs,
the T1/Tw2 paradigm is not very well investigated, and recent studies have indicated that some
cytokine functions are different in pigs compared to other species. The classical Th2 cytokine
IL-4 does not fulfill this role in pigs, as it suppresses both Tyl and Th2 immunity including
antibody secretion by B cells [43,44]. There are hints that instead of shifting the immune
response from Thl to TH2, GCs seem to be generally inhibitory in pigs [45]. Furthermore, [FNy,
which is usually increased in a Thl immune response, can be constantly produced in
comparatively high concentrations in pigs [46] and is less sensitive to cortisol-mediated
inhibition than other cytokines [47,48]. Because pre-tests did not reveal detectable IL-4
amounts upon mitogenic stimulation and IFNy production was hardly overcoming background
production, the effects of stress hormones on cytokine production of porcine PBMC were solely
characterized by analysis of TNFa production in the present study. Though in varying amounts,
this cytokine is produced by many porcine immune cell types, i.e., monocytes/macrophages,
NK cells, yd T cells, CTL and T cells, and is thus a good pan-marker of pro-inflammatory
activation [43,49-51].

We discovered that the cortisol-mediated inhibition of immune cell activity did not only result
in a reduced lymphocyte proliferation but also in lower numbers of cells producing TNFa in all
investigated subsets except NK cells. This is in accordance with studies in humans and rodents,
where GCs generally had a suppressive effect on the production of pro-inflammatory cytokines
[8,9,52]. In the present study, cell populations of both innate and adaptive immune response
were affected, which may have negative effects on the acute response to pathogens as well as

memory formation.

While having dose-dependent inhibitory or stimulatory effects on proliferation, none of the
tested concentrations of NA had a significant effect on the number of TNFa producers in any
of the investigated subsets. Other studies have reported inconsistent results regarding the impact
of NA on TNFa production. Some have found an increased number of TNFa producers in
human lymphocytes [14], whereas others have observed a decrease of TNFa production in
human whole blood cultures [53,54]. This again emphasises the diversity of possible CA
actions, and with the present limited data, it would thus be premature to make conclusions about

the underlying molecular mechanisms. However, some substantiated speculations about
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possible pathways in comparison to literature can be made. Presuming that pigs, similarly to
humans, have a low number of ARs on Tw cells in comparison to other immune cells [55], the
absent responsiveness of the two T cell subsets toward both NA and ADR could be explained.
Considering the high number of ARs on NK cells in other species, it is somewhat surprising
that cytokine production of porcine NK cells was influenced by none of the stress hormones
tested. In other species, NK cell activity is a very sensitive indicator of catecholamine action
via -adrenergic mechanisms [56] and GC-induced immunosuppression [57]. This discrepancy

remains subject to future studies.

Interestingly, although PWM-induced proliferation increased significantly under ADR
influence, the number of TNFa producers among y6 T cells and monocytes decreased if cultured
with 10 M ADR, while other populations remained unaffected. These puzzling results might
be explained by a possible particular action of ADR on regulatory T cells (Tregs). Using human
PBMC from breast cancer patients, Zhou et al. [58] demonstrated that an in vitro culture in the
presence of ADR resulted in an increased Treg proliferation. If porcine Tregs show the same
effect under ADR treatment, their proliferation might also have been enhanced in the present
study. As Tregs have an inhibitory effect, especially on the functionality of antigen presenting
cells including monocytes [59], they might have hampered TNFa production in monocytes as
well as their ability to induce cytokine production in other populations. To verify if Tregs are a
special target of ADR action in the pig, studies investigating lymphocyte proliferation on the
single cell level using fluorescent dyes, including markers for Foxp3 expression and the analysis
of IL-10 concentration in cell culture supernatants, should be conducted. The inhibition of yd T
cells by ADR deserves special emphasis, as their numbers in porcine blood are higher than in
mice and humans [60] and they are of great importance, especially in growing pigs [16]. The
downregulation of pro-inflammatory cytokines in yd T cells might therefore have implications
for their own role in the early immune response to infections [60], as well as their regulatory

function [61] on other immune cells in acute stress situations.

5. Conclusions

Especially in the light of growing public interest in animal welfare and stress assessment in
livestock, this study contributes to a better understanding of stress-induced immunomodulation
in pigs. The results provide further indications of the immunosuppressive effects of

glucocorticoids on immune cell functionality found in previous studies in pigs and other
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species. The observed impairment of both innate and adaptive immune cells might have
implications on various functions like the elimination of infected cells by CTLs, the induction
of B cells by Tw cells, or phagocytosis by macrophages. In addition, catecholamine-mediated
inhibitory as well as stimulatory immunomodulation was shown for the first time in pigs, thus
letting this serve as a preliminary work for the future assessment of molecular mechanisms of
stress hormone actions in pigs. Beside further functional parameters, the number and
distribution of the distinct glucocorticoid and adrenoceptor types on different immune cell

populations or the effect of receptor blockers should be investigated.
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Abstract

Despite the importance of pigs (Sus scrofa domestica) in livestock production and their
increasing role as a model organism for human physiology, knowledge about the porcine
immune system under the influence of stress hormones is fragmentary. Exceptionally little is
known about the effects of catecholamines. Therefore, the aim of this study was to examine the
in vivo effects of adrenaline, noradrenaline, and cortisol on number and functionality of porcine
blood immune cells. Castrated male pigs (n = 34) were treated with physiological doses of either
adrenaline, noradrenaline, or cortisol via i.v. infusion for 48 h. Blood samples were collected
before treatment (—24 h, —22 h, 0 h), during treatment (+2 h, +24 h, +48 h), and at 72 h
postinfusion. Immune cell numbers and phagocytic activity were evaluated by flow cytometry
and lymphocyte proliferation by 3H-thymidine incorporation. Total 1gG and IgM Ab levels
were determined via ELISA. Pigs receiving cortisol showed strongly decreased adaptive
immune cell numbers and increased neutrophils, accompanied by hampered lymphocyte
proliferation but increased monocyte phagocytosis. Catecholamine effects on immune cell
numbers were mostly similar to cortisol in direction but smaller in intensity and duration.
Lymphocyte proliferation was inhibited after 2 h of noradrenaline infusion, and both
catecholamines promoted monocyte and neutrophil phagocytosis. These findings indicate a
shift from adaptive to innate immunity in stressful situations. This study is the first (to our
knowledge) to systematically investigate specific glucocorticoid and catecholamine actions on
the porcine immune system in this level of detail and confirms many similarities to humans,

thus strengthening the pig as a human model in psychoneuroimmunology.

Key points
- Cortisol strongly decreases porcine adaptive immune cells and increases neutrophils
- Catecholamines exert acute effects on porcine immune cell numbers and function

- All stress hormones promote innate over adaptive immune functionality in pigs
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Introduction

Stress is a biological process helping the body to cope with threats, like being attacked by a
predator, by activating several neural and endocrine systems. The most important stress systems
are the hypothalamic-pituitary-adrenal axis, leading to glucocorticoid (GC) release, and the
sympathetic-adrenal-medulla axis, causing an increase in catecholamine (CA) levels. Besides
their actions on other physiological systems like cardiovascular or respiratory function (1, 2),
both hormone groups can affect numbers and distribution as well as functionality of different
immune cell types. At the onset of a stressful situation, the first, quick reaction is the
redistribution of immune cells within minutes. As reviewed by Dhabhar (3), the numbers of
most immune cell subsets in the blood rise through mobilization from lymphoid organs and the
marginated pool, an effect mostly caused by CAs. Subsequently, leukocytes leave the blood
stream heading to sites of immune activation (e.g., an injury) or return to reservoir
compartments, like the spleen. Through the action of GCs, blood immune cell numbers can
decrease to values even below normal, potentially leading to immunosuppression. It was also
shown that immune cell functionality is modulated in stress situations, resulting in an initial
enhancement of functions like lymphocyte proliferation or antitumor immunity, followed by a
decreased activation and, if stress becomes chronic, dysregulation (4-8). To understand this
complex regulatory network, studies in traditional models like the laboratory mice were of great
value, but because of differences (e.g., in size, diurnal rhythm, or nutrition) they may not always
ideally represent human physiology. In recent years, large animal models like the domestic pig
(Sus scrofa domestica) with a high similarity to humans have therefore gained importance (9-
11), but there is still a lack of knowledge in many aspects, including the immune system.
Although it is well established that stress does modulate the porcine immune system (12, 13),
the underlying hormonal mechanisms are still poorly understood. Particularly, research is
needed to clarify whether the action of the two major stress hormone classes, GCs and CAs, on
immune cells is comparable between pigs and humans or rodent species. Most studies
concerning pigs so far were focused on the predominantly negative effects of chronic stress
mediated mostly by their main GC, cortisol (CORT), and found similarities to humans. For
example, it was found that administration of adrenocorticotropic hormone, which triggers
CORT release, caused an increase in neutrophil numbers but decreased lymphocyte and
eosinophil numbers, NK cell cytotoxicity and lymphocyte proliferation (14, 15). The
investigation of short-term stress reactions in pigs has long been neglected, and the isolated

effects of CAs have not been investigated in in vivo studies so far. It was found in vitro that
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CAs had rather contrary effects to CORT on lymphocyte functionality, indicated by an
enhanced proliferation after mitogen stimulation (16). This finding is partly contradictory to
previous studies in rodents (17) and requires further elucidation through in vivo studies.
Furthermore, there are no studies in pigs regarding the impact of CAs on the number of blood
immune cells and no valid information on their effects on innate immune functions like
phagocytosis. Although pigs in modern intensive husbandry systems are often exposed to acute
and chronic stressors like limited space, rehousing, and mixing (18-20), knowledge about the
impact of both GCs and CAs is fragmentary, and studies in this field may help to promote
animal welfare and health. Also, to further establish the pig as a human model in
psychoneuroimmunology, it is necessary to differentiate between the particular effects of each
stress hormone to compare the two species. The present study therefore investigated the in vivo
effects of i.v. infusion of pigs with either CORT, adrenaline (ADR), or noradrenaline (NA) on

both distribution and function of innate and adaptive immune cells.

Material and methods
Animals and surgery

All experimental procedures were approved by the local authority for animal care and use
(Regional Council Stuttgart, Germany; V324/15TH) and conducted in accordance with the
German Animal Welfare Act. Male castrated pigs (German Landrace x Pietrain, initial body
weight of 80—100 kg), bred by the experimental unit of the University of Hohenheim “Unterer
Lindenhof,” were used in this study, which was conducted in three consecutive trials with 12
animals each. Because of medical conditions, two animals had to be excluded from the study,
resulting in a final sample size of n = 34. The pigs were housed in individual crates (5.4 m?)
that enabled visual and tactile contact to other pigs. Pens were cleaned twice daily and littered
with dust-free wood shavings after concentrate feeding (1.5 kg/meal, metabolizable energy 12
MJ/kg). Access to hay and water was provided ad libitum. Light was turned on at 06:30 h in
the morning, 30 min before feeding, and turned off at 20:30 h. All animals were surgically
equipped with two indwelling vein catheters by cannulation of the cephalic vein on both sides.
The surgery was performed as described previously (21) with few modifications (11). Surgery
was carried out at least 12 d before the beginning of the experiment, and animals were

thoroughly habituated to human handling and manipulation at the catheters.
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Experimental procedure

To evaluate the effects of stress hormones on the porcine immune system, animals were infused
with either ADR, NA, CORT, or saline (control [CTRL]) via one of the catheters. Blood was
collected using the second catheter. During the infusion period, the first catheter was elongated
and attached to a hinge above the pen so that it was out of the pigs’ reach. Thereby, animals
could move in their pens without restraint. Animals were constantly monitored to ensure
continuous infusion delivery. Infusion was carried out with infusion pumps (Eickemeyer,
Tuttlingen, Germany) at a rate of 100 ml/h. On the first 2 d (CTRL period), all animals received
0.9% saline (B. Braun Melsungen AG, Melsungen, Germany), then they were randomly

assigned to one of four treatment groups.
Eight animals served as the CTRL group and continuously received saline for further 2 d.

Nine animals were treated with CORT (Hydrocortison 100; Rotexmedica, Trittau, Germany) at
a dosage of 140 pg/kg/h in saline. This dosage was found to result in plasma CORT

concentrations of ~60 ng/ml (22) and resembles a mild chronic stressor (14, 23).

Eight animals received saline with NA (arterenol; Sanofi-Aventis, Frankfurt am Main,
Germany) at a dosage of 15 ug/kg/h. Because of the lack of investigations on the effect of CAs
on the porcine immune system, we determined the dosage based on studies examining other
parameters under NA infusion. The dosage used in the current study was earlier shown to
produce typical NA-induced physiological alterations, such as elevated blood pressure or

increased heart rate (24).

Nine pigs were treated with 3 ug/kg/h ADR (adrenalin 1:1000; Infectopharm, Heppenheim,
Germany) added to the saline infusion. As with NA, we chose a dosage that led to a mild
elevation of blood pressure, heart rate, and body temperature in previous studies, indicating a

physiological effect (25).
Each of the three trials included animals of each treatment group.

Blood samples were drawn during infusion at —24 h, =22 h, 0 h, +2 h, +24 h, +48 h (relative to
start of stress hormone phase), and 72 h postinfusion as illustrated in FiG. 1. Blood was
transferred directly into lithium heparin tubes and K3 EDTA tubes (both Sarstedt, Nlimbrecht,
Germany) and immediately processed after each sampling. To take diurnal oscillation of

hormones and immune cells into account, the —22 h sample was included. Comparisons
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between —22 h and +2 h of the CTRL group as well as =24 and 0 h (all animals) confirmed no

statistical differences between these time points.

Infusion phase

Cortisol (140 pg/kg/h)
Noradrenaline (15 pg/kg/h)

=Eltn2 Adrenaline (3 pg/kg/h)
Saline
} } < —_—
do 2 4 7
o I R !
sampling: -24h -22h Oh +2h +24h +48h 72h post

Figure 1: Time course of stress hormone infusion and blood sampling of male castrated pigs. Gray
shading indicates the infusion phase, arrows symbolize time points of blood sampling. All pigs received
saline for 48 h before stress hormone infusion or continued saline infusion for 48 h. Three subsequent
experimental trials were conducted with a total of 34 pigs of which n = 8 were treated with saline or NA
and n = 9 were treated with CORT or ADR.

Hormone determinations

CA. Plasma for the analysis of NA and ADR concentrations was obtained by centrifugation of
EDTA (+0.001 pg/ml glutathione) blood (1000 x g, 4°C, 10 min, stored at —80°C until
analysis). Samples were analyzed by HPLC with electrochemical detection. At the time points
0, 2, 24, and 48 h, all samples from all CA-treated pigs were analyzed, and the other samples
were measured on a random basis (minimum n = 3 per treatment group and time point, see
parentheses in TABLE I). The sample preparation with alumina extraction was adapted from the
method first described by Anton and Sayre (26). In brief, 1 ml of plasma and 500 pg of an
internal standard (dihydroxybenzylamine; Thermo Fisher Scientific, Darmstadt, Germany)
were added to extraction tubes containing 20 mg of aluminum oxide previously activated with
600 pl of 2 M Tris/EDTA buffer (pH 8.7). Samples were thoroughly mixed in an overhead
shaker for 10 min and centrifuged at 1000 x g for 1 min (4°C). Samples were washed three
times with 1 ml of 16.5 mM Tris/EDTA buffer (pH 8.1), followed by centrifugation. The CAs
were eluted by addition of 120 ul of eluting solution (Recipe, Munich, Germany), short mixing,
and centrifugation at 1000 x g for 1 min (4°C). Aliquots of 50 ul were injected into the HPLC
system (ISO-3100BM; Thermo Fisher Scientific) with electrochemical detector (Coulochem
I11, conditioning cell [model 50210A], analytical cell [model 5011A]; Thermo Fisher
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Scientific). The potentials of the cells were set at 300, 50, and —250 mV. The system was
equipped with the column Reprosil Pur 120 C18-AQ (4.6 mm x 75 mm) (A. Maisch,
Ammerbuch, Germany). Cat-A-Phase Il was used as the mobile phase, with a flow rate of 1.1
ml/min. Concentrations were evaluated by means of the internal standard method using peak
areas. The system was prepared for the detection of high analyte concentrations, therefore all
measured concentrations below 200 pg/ml were set to 150 pg/ml (NA) or 50 pg/ml (ADR) for
statistical evaluation and values below the detection limit were set to 10 pg/ml. The intra-assay
coefficients of variance (CV) were determined with biological samples spiked with 500 and
1000 pg/ml NA or ADR. They were 4.9 and 1.5% for NA, and 5.4 and 1.7% for ADR. The
interassay CV were tested with biological samples approximately within the range of high and
low control for the measured samples. The interassay CV were 27.5, 13.6, and 13.2% for NA
(samples with 550, 1000, 2000 pg/ml) and 20.3 and 14.2% for ADR (samples with 400 and 650

pg/ml).
CORT. Plasma was obtained by centrifugation of Li-heparin-blood at 1000 x g at 4°C for 10

min and, until analysis, samples were stored at —20°C. For determination of CORT
concentrations, a RIA was conducted after ethanolic extraction as described previously (27).
As a tracer, 1.2-*H-CORT (50 Ci/mmol; Hartmann Analytic, Braunschweig, Germany) was
used. For calibration, a dilution series from 2 to 200 ng/ml CORT (Sigma-Aldrich) was
prepared in charcoal-stripped plasma. Repeatability was determined with biological samples
(25 and 40 ng/ml). The intra-assay CV was 6.55%, and the interassay CV was 9.98%.

Flow cytometry and hematology

Total WBC counts in EDTA blood were analyzed using an automated hematology analyzer
(pocH 100-iV Diff; Sysmex, Norderstedt, Germany). To determine the relative numbers of
various leukocyte subsets, heparinized whole blood was analyzed with three-color flow
cytometry after immunofluorescent Ab staining. For a detailed description of the staining
procedure, see Engert et al. (11). Briefly, cells were stained with combinations of the following
mAbs: mouse anti-pig CD3e (IgG1, clone PPT3, SPRD), mouse anti-pig CD4 (IgG2b, clone
74-12-4, FITC), mouse anti-pig CD8a. (IgG2a, clone 76-2-11, FITC or PE), and mouse anti-pig
CD172a (1gG1, clone 74-22-15, PE) (all SouthernBiotech, Birmingham, AL). Subsequently,
cells were fixed and erythrocytes were lysed using BD FACS Lysing Solution (BD Biosciences,
Heidelberg, Germany) and stored at 4°C until analysis (not exceeding 1 h). For flow cytometric
determination (BD FACSCalibur; BD Biosciences), the software BD CellQuest Pro 6 (BD

Biosciences) was used. Granulocytes were differentiated from PBMC based on size and
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granularity and then further divided into neutrophils and eosinophils by the autofluorescent
properties of eosinophils. Leukocytes were categorized by marker expression into the following
subsets: CD3"CD4*CD8a (naive T cells), CD3"CD4"CD8u" (Ag-experienced Tw cells),
CD3'CD4 CD8aM9" (CTL), CD3*CD4 CD8u "™ (y& T cells), CD3 CD8a*CD172a  (NK
cells), CD3 CD8u CD172a"9" (monocytes), CD3 CD8o CD172a%™ (mainly dendritic cells
[DC]), and CD3 CD8ua CD172a (mainly B cells). The gating strategy is illustrated
in SUPPLEMENTAL FIG. 1. By combining flow cytometric analysis of relative cell numbers and
hematologic total leukocyte count, the absolute cell number of each particular immune cell type

was calculated.
IgG and IgM concentrations

Total 1gG and IgM concentration in plasma was determined via ELISA as described previously
(28). In brief, 96-well flat-bottom microtiter plates (Thermo Fisher Scientific) were coated with
200 ng/well goat anti-pig-1gGrc (Bethyl Laboratories, Montgomery, TX) or 1000 ng/well goat
anti-pig IgM Ab (Bethyl). After incubation for 60 min at room temperature (RT), plates were
blocked with 1% BSA (Roth, Karlsruhe, Germany) at 4°C overnight. Plasma was added at a
dilution of 1:50,000 (IgG) or 1:15,000 (IgM) and incubated at RT for 60 min. After washing,
HRP-conjugated goat anti-pig-1gGr. or -IgM (Bethyl) was added and incubated for 60 min at
RT, and, after washing with PBS, tetramethylbenzidine (AppliChem, Darmstadt, Germany) was
added. After 20 min at RT, the reaction was stopped with 2 M H>SO4 (Roth), and color
formation was measured photometrically at 450 nm with a Power Wave X plate reader (Bio-
Tek Instruments, Bad Friedrichshall, Germany). Intra-assay CV was 7.7% for 1gG and 6.85%
for IgM determination, and interassay CV was 17.2% for 1gG and 19.6% for IgM.

Functional assays

Isolation of PBMC. For analysis of lymphocyte proliferation, PBMC were separated from
heparinized whole blood by density centrifugation using Leucosep tubes (Greiner Bio-One,
Frickenhausen, Germany) modified after Grin et al. (20). Leucosep tubes were filled with 16
ml of Biocoll cell separation solution and overlaid with 16 ml of blood 1:2 diluted with PBS
(Biochrom, Berlin, Germany). After centrifugation (11 min, 1000 x g, RT), the PBMC layer
was transferred to a fresh Falcon Tube (Sarstedt), and cells were washed first with PBS + 1%
EDTA (Sigma-Aldrich, Munich, Germany) and subsequently with RPMI-5 (RPMI-1640
supplemented with 5% FCS and 50 ug/ml gentamicin) by centrifugation for 10 min at 300
x gand RT. The cells were resuspended in RPMI-10 (RPMI-1640 + 10% FCS + 50 ug/ml
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gentamicin) (all Biochrom), and cell concentration was determined with a Z2 Coulter Counter

(Beckman Coulter, Krefeld, Germany).

Lymphocyte proliferation assay. For the assessment of lymphocyte proliferative capacity, a
mitogen-induced H-thymidine proliferation assay was performed as described previously (29)
with a few modifications. PBMC of each animal were transferred into U-bottom 96-well cell
culture plates (Neolab, Heidelberg, Germany) with 1.5 x 10° cells per well and were stimulated
in triplicate with 5 pg/ml of the mitogens ConA or PWM (both Sigma-Aldrich) or left
unstimulated. Cell culture plates were incubated for 48 h (39°C, 5% CO,), after which 0.25 uCi
of tritiated thymidine (PerkinElmer, Rodgau, Germany) was added and cells were incubated for
further 24 h at the same conditions. Cells were harvested on glass fiber filters (Sigma-Aldrich)
and dried overnight at RT. The incorporated radioactivity was analyzed with a Tri-Carb 2800
TR liquid scintillation analyzer (PerkinElmer) after addition of 3.6 ml of IrgaSafe Gold
(PerkinElmer). The mean cpm was calculated from triplicates, and cpm of the unstimulated
control was subtracted to get the Acpm. Intra-assay CV was below 10%, and interassay CV
(determined by using frozen porcine PBMC of one untreated animal) was <5% for PWM and
<10% for ConA.

Phagocytosis assay. Number and efficiency of phagocytosing monocytes and neutrophil
granulocytes was assessed using a phagocytosis kit (Phagotest; Glycotope Biotechnology
GmbH, Heidelberg, Germany) with opsonized and FITC-labeled Escherichia coli bacteria
according to the manufacturer’s instructions except for a few modifications. Instead of using
100 pl of heparinized whole blood for all samples, we determined the number of neutrophils
and monocytes with an automated hematology analyzer (pocH 100-iV Diff) and adjusted the
applied blood volume to always contain 5 x 10° phagocytes in the assay. For fixation of cells
and lysis of RBCs, BD FACS Lysing Solution (BD Bioscience) was used. To determine the
frequency of phagocytosing cells, neutrophils were identified by their size and granularity
before determining FITC-positive cells among all neutrophils. Because of the insufficient
separability of monocytes from other PBMC via forward and side scatter, cells were gated for
all PBMC, and monocyte numbers among PBMC were calculated using the flow cytometry
data. As a measure for the amount of phagocytosed E. coli per neutrophil or monocyte,

geometric mean fluorescence intensity of FITC was recorded.

Statistical analysis. For statistical analysis, we used the software SAS Version 9.4 (SAS
Institute, Cary, NC). A linear mixed model analysis was performed using the MIXED procedure

with “animal” included as a repeated factor to take the individual baseline of each animal into
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account. The factors “treatment,” “trial,” as well as “treatment(time point)” were included as

29 ¢¢ 99 <¢

fixed effects, and “animal,” “dam,” “sire,” “pen,” and “time point X trial” were considered as
random effects. The restricted maximum likelihood method was used to estimate variance
components, and df were determined by the Kenward-Roger method (30). Normal distribution
and variance homogeneity were confirmed visually with normal probability plots and plots of
fitted values versus residuals (31). Differences between least square means (LS-means) of
treatment groups at each time point were evaluated using the Fisher least significant difference
test. All results are presented as LS-mean + SEM, p values <0.05 are defined as statistically

significant, and p values <0.1 are defined as a tendency.

Results
Plasma stress hormone concentrations

All hormones caused a significant enhancement of their plasma concentrations during the whole
stress hormone infusion period (+2 h, +24 h, and +48 h) compared with the CTRL group at
each respective time point (TABLE I). None of the treatment groups showed an enhanced
concentration for those hormones they were not treated with. NA-treated pigs had decreased
ADR levels at +24 h.
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Table I. Plasma concentrations of CORT, NA, or ADR before, during, and after hormone infusion

Measured Time Point Relative to Start of Stress Hormone Infusion
Hormone
Concentration -24h -22h oh +2h +24h +48h 72h
Treatment Group After
CORT ng/mL
CTRL 26.12 18.88 24.32 23.97 30.36 24.92 30.43
+1.74 (34) +174(34) +1.74(34) £3.27(8) +3.22 (8) +3.22 (8) +3.22 (8)
CORT 57.47*%** 56.61*** 49.88*** 25.47
+3.08 (9) +3.03 (9) +3.03 (9) +3.03 (9)
NA 16.66 30.36 24.54 26.88
+3.27 (8) +3.21 (8) +3.21 (8) +3.21 (8)
ADR 15.99t 25.60 27.62 2471
+3.10 (9) +3.05 (9) +3.05 (9) +3.05 (9)
NA pg/mL
CTRL i?fégb‘ i?fﬁg 5?9‘:%0 164.18 155.54 141.30 152.36
12 12 26) +37.38 (3) +26.05 (6) +31.17 (3) +25.52 (6)
CORT 164.75 157.41 164.75 157.41
+37.51 (3) +26.36 (6) +36.34 (3) +26.36 (6)
NA 5000.05***  6244.02*** 5148.85*** 192.36
+771.60 (8) +932.78 (8) +769.41 (8) +28.74 (8)
ADR 169.21 177.26 172.21 177.81
+24.81 (9) +25.21 (9) +24.49 (9) +25.29 (9)
ADR pg/mL
CTRL 44.93 44.93 42.22 26.44 42.86 24.45 32.77
+0.65(12) +9.65(12) 6.25(26) +11.41(3) +12.99 (6) +10.13 (3) +0.94 (6)
CORT 46.27 47.31 46.99 47.31
+19.96 (3) +14.34 (6) +19.48 (3) +14.34 (6)
NA 11.32 14.12** 14.18 38.72
+3.08 (8) +3.75 (8) +3.77 (8) +10.28 (8)
ADR 738.75%** 835.16*** 400.69*** 41.83

+189.53 (9) +209.27 (9) +100.40 (9) +10.48 (9)

Data are expressed as LS-mean 6 SEM. Asterisks indicate significant differences to the CTRL group (continuous saline
infusion) at each respective time point (***p < 0.001, **p < 0.01, 'p < 0.1). Numbers of measured samples are indicated in
parentheses.

Leukocyte numbers and subsets

During the CTRL period, the investigated leukocyte subsets were similar to previous studies
regarding numbers and diurnal pattern (11, 32, 33). In the stress hormone phase, all of the
applied hormones caused changes in the number of distinct leukocyte subsets, as illustrated
in FIG. 2. After 2 h, the number of lymphocytes decreased in CORT-treated animals and
dropped even more drastically by almost 50% at 24 and 48 h. The NA-treated animals showed
similarly decreased lymphocyte numbers after 2 h but returned to CTRL level from 24 h
onwards. ADR treatment, in contrast, had no effect on lymphocyte numbers after 2 h, but they
increased slightly after 24 h before returning to CTRL level by the end of infusion. Opposite to
lymphocytes, neutrophil granulocytes were increased during the complete CORT infusion
phase, reaching numbers more than twice as high as the CTRL before dropping below CTRL

level after cessation of the infusion. Again, NA-treated animals showed a similarly directed
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effect after 2 and 24 h but to a lesser extent with an elevation of ~25%. ADR treatment had no
effect on the number of neutrophil granulocytes. In contrast to their neutrophil counterpart, the
numbers of eosinophil granulocytes were decreased at all time points during CORT infusion,
most pronounced after 24 h, when numbers were only about one-third of those of the CTRL
group. Again, NA exerted similar effects but only after 24 and 48 h of infusion, and numbers
decreased less strongly to a level of about two-thirds of the CTRL group. ADR only had a weak
reducing effect on the number of eosinophils, shown as a tendency after 24 h (p = 0.08) and 48
h (p = 0.09) of infusion. Monocyte numbers were not affected during CORT infusion but
showed a tendency (p = 0.09) to increase after its end. NA infusion caused an increase of
monocytes by ~15% after 24 h. Similarly, ADR raised monocyte numbers after 24 h of
infusion, which returned to CTRL level after 48 h and showed a tendency (p = 0.06) to decrease
below CTRL 72 h after termination of the treatment. DC were decreased under the influence of
CORT at all time points during and after infusion, dropping to almost half of the numbers of
CTRL animals at 24 and 48 h. NA infusion also tended to decrease DC after 2 h (p = 0.09) and
48 h (p = 0.09) and led to a significant reduction 72 h after cessation of the infusion, whereas
ADR only showed a tendency to decrease DC numbers after 48 h (p = 0.07). NK cells tended
to be lower in CORT-treated animals compared with the CTRL group after 2 h (p = 0.09) of
infusion and were significantly lower 72 h after termination of the treatment. Whereas NA left
NK cell numbers unaffected, ADR caused a sharp peak in numbers after 2 h, reaching about
twice the number of the CTRL group. B cell counts decreased in CORT-treated animals by
~15% after 24 h and stayed significantly lower until 72 h after infusion, with a non-statistically
significant decrease already being apparent at 2 h infusion time (p = 0.09). Meanwhile, neither
NA nor ADR had an effect on the number of B cells. In CORT-treated animals, T cells
decreased successively at 2, 24, and 48 h, reaching about half the numbers of the CTRL group
at 48 h. The number of T cells in the NA group was lower after 2 h but not after 24 and 48 h.
The slight initial decrease was also seen in the ADR group after 2 h, but in this group the T cell
count was increased to ~10% above CTRL after 24 h before returning to CTRL level at 48 h.
For a more-detailed picture, we looked at stress hormone effects on some T cell subsets.
Analogous to its effect on total T cells, CORT caused a prominent decrease in the numbers of
all investigated subsets during the complete infusion phase and a return to CTRL level after
termination. The only exceptions were naive TH cells and CD8 vd T cells, which were slightly
increased 72 h after stop of infusion. The pattern observed in total T cell numbers in response
to NA was reflected in all investigated T cell subsets, namely a decline after 2 h before returning

to CTRL level from 24 h onwards. Like in CORT-treated animals, NA led to increased numbers
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of naive T cells 72 h after the end of infusion. For ADR, the distinct T cell subsets showed a
more differential picture: the decrease seen in total T cells after 2 h was also observed as a
tendency in CTL (p = 0.06) and a significant decline in CD8 T and yd T cell subsets. The
increase in total T cells after 24 h was reflected by total ThHand y6 T cells and their
CD8 subsets, whereas CD8* T and yd T cells as well as CTL remained unaffected by ADR.
Reflecting the changes of immune cell numbers, the neutrophil/lymphocyte ratio as well as
Tw/CTL ratio was altered by stress hormone infusion. At all time points during infusion, CORT
elevated the neutrophil/lymphocyte ratio with an almost 4-fold increase at 24 h. NA also exerted
this effect but only after 2 h and to a lesser extent. The TH/CTL ratio was elevated in CORT-

treated animals after 24 h and in NA-treated animals after 2 h.
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Figure 2: Immune cell numbers before, during (gray background), and after stress hormone infusion
(100 ml/h) of male castrated pigs. Red lines: CORT (140 ng/kg/h); blue lines: NA (15 pg/kg/h); green
lines: ADR (3 pg/kg/h); black lines: 0.9% saline (CTRL). Data were obtained from three subsequent
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experimental trials with a total of 34 pigs of which n = 8 were treated with saline or NA and n = 9 were
treated with CORT or ADR. Results are depicted as LS-mean + SEM. Filled symbols indicate significant
differences (p < 0.05) to CTRL group at the respective time point. Ag-exp., Ag-experienced.

IgG and IgM concentration

As described in TABLE I, none of the treatments caused any differences in 19G or IgM plasma

concentrations during the whole course of the experiment.

Table I1. Plasma concentrations of 1gG and IgM before, during, and after hormone infusion

Measured Ig Class Time Point Relative to Start of Stress Hormone Infusion
Treatment Group —_p4h -22h Oh +2h +24h +48h 72h After
19G (ug/mL)
CTRL 6930.79 668459  6720.26  6972.84 6880.81 6781.89  7230.19
+357.23 +357.06 +357.44 +390.52 +402.43 +402.43 +407.79
CORT 6897.91  7101.67 697723  6637.24
+384.97 +394.91 +394.91 +394.91
NA 6801.34 678493  6535.62  6923.97
+389.77 +402.43 +407.79 +407.79
ADR 6802.14  7382.8 7288.35  7379.67
+385.87 +396.33 +396.32 +396.32
IgM (ng/mL)
CTRL 47.32 47.23 47.69 47.15 49.54 47.94 49.33
+1.83 +1.83 +1.83 +1.95 +1.98 +1.98 +1.98
CORT 47.92 48.89 48.43 47.47
+1.92 +1.95 +1.95 +1.95
NA 48.69 48.14 47.60 48.01
+1.94 +1.96 +1.96 +1.96
ADR 47.31 48.22 48.66 49.85
+1.93 +1.95 +1.95 +1.95

Treatment groups received either saline (CTRL), 140 ug/kg/h cortisol (CORT), 15 pg/kg/h noradrenaline (NA) or 3 pg/kg/h
adrenaline (ADR). Data are expressed as least-square means + standard error of the mean (SEM), n = 34 for all time points.
Statistical analysis revealed no significant differences between any of the treatments and the control group at all investigated
time points.

Lymphocyte proliferation

To investigate the effect of stress hormone infusion on some functional parameters, we assessed
lymphocyte proliferation (FiG. 3). CORT infusion led to a lower proliferation after 24 and 48 h
if cells were stimulated with ConA, whereas PWM-stimulated proliferation was only
significantly lower after 24 h and tended to be hampered after 48 h (p = 0.09). Already after 2
h of infusion, proliferation was decreased in lymphocytes from NA-treated animals independent
of mitogen. At the later time points, no effects on proliferation were observed if pigs were
infused with NA. No change in proliferation was observed in ADR-treated animals at any of

the investigated time points.
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Figure 3: Effect of stress hormone infusion on mitogen-induced proliferation of porcine PBMC.
Proliferation in shown in Acpm after stimulation of PBMC with ConA (upper panel) or PWM (lower
panel) after 2, 24, and 48 h stress hormone infusion (— = saline CTRL, CORT = 140 pg/kg/h CORT, NA
= 15 pug/kg/h NA, ADR = 3 ug/kg/h ADR) as well as 72 h after end of infusion. Data were obtained
from three subsequent experimental trials with a total of 34 pigs of which n = 8 were treated with saline
or NA and n = 9 were treated with CORT or ADR. Results are presented as LS-mean + SEM, asterisks
indicate significant differences to CTRL group. *p < 0.05, **p < 0.01, ***p < 0.001, 'p < 0.1.

Phagocytosis

For a measure of innate immune reactivity, we conducted a whole blood phagocytosis assay.
We found that the frequencies of phagocytosing monocytes showed only little variance in
response to hormone infusion, depicted as a decline after 24 h in the CORT-treated animals.
However, the phagocytic activity of monocytes was increased by all three hormones after 24 h
of infusion and in CORT-treated pigs also after 48 h (FIG. 4). The frequencies of phagocytosing
neutrophils remained constant during the whole observational period, reaching almost 100% in
all treatment groups (FIG. 5). Similar to monocytes, neutrophil phagocytic activity was
stimulated by stress hormones but only by CAs. After 24 h, NA caused enhanced phagocytic

activity, which was also seen in ADR-treated animals as a tendency (p = 0.09). For NA, this
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enhancement was still present after 24 h as a tendency (p = 0.09). CORT had no influence on

phagocytosis by neutrophils at any investigated time point.
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Figure 4: Effect of stress hormone infusion on phagocytic activity of porcine monocytes. Number of
phagocytosing monocytes among all monocytes in percent (upper panel) and engulfed FITC-fluorescent
particles per monocyte (expressed as geometric mean fluorescence [GMFI], lower panel) after 2, 24,
and 48 h stress hormone (— = saline CTRL, CORT = 140 pg/kg/h CORT, NA = 15 pg/kg/h NA, ADR =
3 ug/kg/h ADR) as well as 72 h after end of infusion. Data were obtained from three subsequent
experimental trials with a total of 34 pigs of which n = 8 were treated with saline or NA and n = 9 were
treated with CORT or ADR. Results are presented as LS-mean + SEM, asterisks indicate significant
differences to CTRL group. **p < 0.01, ***p < 0.001.
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Figure 5: Effect of stress hormone infusion on phagocytic activity of porcine neutrophils. Number of
phagocytosing neutrophil granulocytes among all neutrophils in percent (upper panel) and engulfed
FITC-fluorescent particles per neutrophil (expressed as geometric mean fluorescence [GMFI], lower
panel) after 2, 24, and 48 h stress hormone infusion (— = saline CTRL, CORT = 140 pg/kg/h CORT, NA
= 15 pug/kg/h NA, ADR = 3 ug/kg/h ADR) as well as 72 h after end of infusion. Data were obtained
from three subsequent experimental trials with a total of 34 pigs of which n = 8 were treated with saline
or NA and n = 9 were treated with CORT or ADR. Results are presented as LS-mean + SEM, asterisks
indicate significant differences to CTRL group. *p < 0.05, {p < 0.1.

Discussion

In the current study, we investigated the effects of three important stress hormones on porcine
immune cells separately via i.v. infusion. We demonstrated differences in the numbers of
distinct immune cell subsets as well as selected innate and adaptive immune functions and
found similarities to stress hormone effects on human immune cells. An overview of the main

findings discussed in this article and their comparability to human studies is given in TABLE I1I.
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Table 111. Summary of main CORT,

NA, and ADR effects on porcine blood immune cells and comparison to

humans
Applied Hormone . .
. Effect Comparison to Human Studies
Investigated Parameter
CORT
Innate immune cell numbers NK =

Mono, Eos, DC | Eos |
Neutro 1 1
Adaptive immune cell numbers | !
Lymphocyte proliferation l !
Neutrophil phagocytosis = 0
Monocytic phagocytosis 1 1
NA
Innate immune cell numbers NK, DC =
Eos | l
Mono (2h), Neutro 1 1
Adaptive immune cell numbers B cells = =
All T cells | (2h) l
Lymphocyte proliferation 1 (2h) l
Neutrophil phagocytosis 1 1
Monocytic phagocytosis 1 i
ADR
Innate immune cell numbers Eos, Neutro, DC = Eos |; Neutro 1
Mono, NK 1 (2h) i
Adaptive immune cell numbers B cells, CD8* T cells = B cells 1
CD8 T cells | (2h) !
Lymphocyte proliferation = 1
Neutrophil phagocytosis ) i
Monocytic phagocytosis 1 1

Overview of the main findings of the current study and their comparability to humans as presented in the
discussion.
Eos, eosinophils; Mono, monocytes; Neutros, neutrophils; |, decrease; 1, increase; =, no effect.

Previous studies in pigs investigating the effects of GC administration often used synthetic
analogs with a high immunosuppressive potential (34, 35). We intended to simulate a lifelike
stress hormone elevation by using a moderate dosage of the natural GC in pigs, CORT. The
desired plasma level of ~60 ng/ml was achieved with an average concentration of 55 ng/ml in
the CORT-treated pigs, whereas both CTRL pigs and CA-treated pigs stayed at baseline levels
of around 24 ng/ml. This is particularly important as it verifies that the application of neither of
these hormones triggered the release of CORT. HPLC determinations of CAs confirmed this
finding for plasma ADR and NA concentrations, therefore all detected effects can be solely

attributed to the action of one particular hormone. Thus, it can be said that by infusion of CORT,
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an endocrine situation similar to that of animals with a reactive coping style, which leads to an
elevation of CORT without increases in CA levels, can be imitated (36). The obtained elevation
of CORT concentrations resembles a physiologic stressor, and comparable levels were found
in pigs exposed to, for example, shipping stress (23) or mixing (37, 38). Although having little
effect on total leukocyte numbers, CORT treatment caused drastic changes in the numbers of
innate and adaptive immune cell subsets. This is in accordance with other studies in pigs that
produced comparable plasma CORT concentrations by injection of adrenocorticotropic
hormone and observed no effect on total leukocytes while neutrophils increased and
lymphocytes decreased, similar to the results presented in this article (14). The inverted course
of blood numbers of these cell types is characteristic for stressful situations with elevated GC
concentrations and has been described both in pigs (39) and humans (40), indicating once more
the similarity of these species. In contrast, the neutrophilia caused by social stress in rats was
shown to be exclusively CA induced (41). The decrease of porcine lymphocyte numbers
involved all investigated subsets and could be caused either by apoptosis (42, 43) or by
redistribution and migration to lymphoid organs and other tissues, especially the bone marrow
(44-47). Because almost all subsets returned to baseline levels after infusion, the latter appears
to be the predominant cause in this study. However, DC, B cell, and Ag-experienced Tn cell
numbers did not fully regenerate after infusion, indicating partially hampered immune
surveillance even after normalization of CORT levels. Opposed to the strong increase in
neutrophil numbers, eosinophil granulocytes were reduced by CORT treatment. This negative
correlation between CORT levels and eosinophil numbers has been known for a long time in
humans (48) and was recently confirmed by our group for the domestic pig in a diurnal context
(11). Stress is a provoking factor for several inflammatory diseases, and it was shown in mouse
models of bronchial asthma that the numbers of eosinophils in bronchoalveolar lavage were
increased after stress exposure (49). One possible explanation of the eosinopenia observed in
the current study in porcine blood might thus be a redistribution to lung tissue. As reviewed by
Kirschvink and Reinhold (50), the pig shows many similarities to humans regarding airway
anatomy and eosinophilic inflammation after sensitization. Further studies tracking the
redistribution of eosinophils from the blood to other organs in CORT-treated pigs may confirm

a trafficking to the lung and increase the value of pigs as a model for human allergic asthma.

CORT infusion not only affected immune cell numbers in peripheral blood but also their
functionality. Lymphocyte proliferation was reduced after 24 and 48 h of infusion, especially

pronounced if stimulated with ConA. This finding confirms the results of an in vitro study with
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CORT-treated lymphocytes recently published by our group, in which ConA-stimulated cells
were more sensitive toward CORT-induced suppression than those stimulated with PWM (16).
In a study on social stress in pigs, animals with higher plasma CORT concentrations likewise
showed a lower ConA-induced proliferation, whereas PWM-induced proliferation was not
affected (51). It was also shown in humans that ConA-stimulated lymphocytes were more
susceptible to GC-mediated suppression of proliferation than PWM-stimulated samples (52—
55). As ConA is presumed to better stimulate T cells (56, 57), whereas PWM activates both T
and B cells with a preference for B cells at the used concentration of 5 mg/ml (58, 59), this
might hint toward a lower sensitivity of porcine B cells to CORT compared with T cells. To
validate this hypothesis, studies evaluating lymphocyte proliferation on a single-cell level using
fluorescent dye and mAbs against B and T cell markers should be conducted to investigate the
mitogen-specific differences in effect size observed in this study. However, regardless of the
exact phenotype of the impaired lymphocytes, the results presented in this article show once
again the immunosuppressive potential of CORT already seen in social stress experiments in

pigs (37, 60, 61) as well as their similarity to humans regarding GC sensitivity (52, 62).

Whereas lymphocyte proliferation was decreased by CORT, neither total 1gG nor total IgM
plasma concentration was affected. This finding was not unexpected and is in accordance with
previous stress studies in pigs (60, 63). As reviewed for example by Fleshner (64) and Cohen
et al. (65), GCs do modulate Ab response, but this occurs mostly during primary and secondary
immune response, whereas the degradation of circulating plasma Igs only occurs after

longstanding GC elevation.

As a measure of the innate immune response, we investigated the phagocytic activity of
monocytes and neutrophil granulocytes. The number of particles ingested per monocyte
increased after both 24 and 48 h of CORT infusion. A stimulation of monocyte/macrophage
phagocytosis by GCs has also been shown in mouse experiments both in vitro (66, 67) and in
vivo (68, 69) and human monocyte-derived M2 macrophages in vitro (70). As reviewed by
Ortega (71), neutrophils can react to GCs in various ways but mostly by an enhanced activity.
However, porcine neutrophils showed no reaction to CORT treatment in the current study. A
probable explanation for this finding may be a lower CORT sensitivity of neutrophils compared
with monocytes because their GC receptors have a lower affinity and are less abundant than
those found in PBMC of pigs (27).

Knowledge about the implications of CAs for the porcine immune system is extremely rare,

and to our knowledge, this is the first study to examine them separately and with a controlled
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dosage via i.v. administration. We thus decided to choose infusion dosages based on studies in
the field of cardiovascular and blood circulation research, in which pigs are often used as a
human model (72). The obtained plasma concentrations are within the range reported in the few
studies that examined different stressors in pigs and in which plasma CA concentrations were
determined, ranging between 1700 pg/ml and 300 ng/ml (NA) and 700 pg/ml and 100 ng/ml
(ADR) (38, 73-75). Similar to CORT treatment, only the administered CA hormone increased
and did not cause any elevations in the plasma concentrations of the other two hormones. The
CA-treated animals are thus resembling similarities with the hormonal status of animals with a

proactive coping style in stressful situations, as reviewed by Koolhaas et al. (76).

By looking into the numbers of different immune cell types in blood, many CA-induced
changes could be demonstrated for the first time in pigs. Both CA hormones caused an increase
in monocyte numbers, which has been described in humans as a consequence of demargination
from the endothelium (71). A study in rats could demonstrate that CA-induced monocytosis is,
at least in this species, mediated via p-adrenergic receptors (ARs) (41). Similar to CORT, NA
induced an increase of neutrophils and decrease of eosinophils, although to a lesser extent. This
has also already been described for CA-treated rats and humans (44, 77). In the current study,
no changes in the numbers of these cell types occurred in ADR-treated animals, possibly
portending species differences. In an early study in humans, both ADR and NA injection led to
a decrease of eosinophil numbers, but in this study, the effect of ADR was six times as high as
that of NA (78).

A strong increase in NK cell numbers is a well-described ADR effect in other species and
attributed to their exceptionally high number of B-ARs (41, 77, 79-82). Although AR numbers
on porcine immune cells remain to be explored, we could confirm this effect for the pig,
indicating a similarly high number of B-ARs on porcine NK cells and thus giving further

incidence for their suitability as a model species.

Not only the investigated innate immune cells but also some cell types of the adaptive immune
system displayed CA-induced changes in numbers. As reviewed by Elenkov et al. (83), CAs
generally cause lymphocytosis after ~30 min of treatment, followed by a decrease in numbers
after 2 h, similar to the data reported in this study. The effect was only observed in T cells,
whereas B cell numbers remained unaffected. This seems to be B-AR mediated because in
humans, the diminishing effect on T cells was imitable by application of the B2-agonist
isoproterenol (84). In van Tits et al. (84), there was also no impact on B cell numbers, further

hinting at similar mechanisms in humans and pigs. Contrarily, an a-AR-mediated decrease of
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T cells and a B-AR-mediated decrease of B cells was demonstrated in rats (41). Thus, additional
studies are needed to verify the molecular mechanisms involved in porcine lymphocyte

trafficking.

Notably, some immune cell types responded differently to NA and ADR. Whereas NA caused
a transient decrease of all T cell subsets after 2 h, ADR only reduced CD8™ T cell subsets after
2 h, followed by an increase after 24 h. Although this finding remains to be examined further,
one could speculate on differences in AR subtype distribution because in other species, NA has
a higher a-AR affinity than ADR, whereas -AR sensitivity is higher for ADR (85).

Accompanying the changes in blood immune cell numbers, we observed some changes
regarding their functionality. After 2 h, lymphocytes of NA- but not ADR-infused animals
showed a reduced proliferation rate. Similar effects were obtained in studies in humans, in
which NA caused a decreased mitogen-induced proliferation after 1 h of NA infusion (77),
although not after 2 h in that case. Infusion with the B-AR agonist isoproterenol caused the same
effect in another human study after 90 min (84). This suggests a B-AR-mediated inhibitory
effect, which is also described in other studies, as reviewed by Nance and Sanders (86).
Contrary to the findings in humans, a study with implantable retard tablets in rats found the a-
AR to be responsible for ConA-stimulated inhibition (87). Similar to the data presented in this
study, NA hampered proliferation whereas ADR did not. If combined with the B-AR blocker
propranolol, both NA and ADR massively inhibited proliferation, whereas CA administration
together with the a-antagonist phentolamine had no effect. However, it must also be taken into
consideration that a shift in the ratio of different lymphocyte subsets with varying CA sensitivity
also played a role in the observed inhibition of PBMC proliferation. In other species, NK cells
have the highest number of B-ARs among lymphocytes, followed by B cells, CTL, and then
Tw cells with the lowest number (88). As T cells decreased after 2 h of NA infusion and B cells
did not, there was a relatively higher number of B cells in the stimulated PBMC and, thus,
presumably a higher number of B-ARs. To verify these explanatory approaches, future studies
examining receptor-specific agonists should be conducted, and the number of a- and B-ARs on
porcine lymphocytes must be determined. To date, little is known about the AR expression on
porcine immune cells because specific Abs to identify porcine ARs are not available yet.
Notably, a recent study examining macrophage ARs on the mRNA level confirmed a high

similarity with humans, at least for this cell type (89).

Similar to CORT, both ADR and NA promoted innate immunity by enhancing the phagocytic
capacity of monocytes and, in addition, neutrophil granulocytes. This CA effect is in accordance
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with findings in other species, as described in several reviews (71, 90, 91). There have only
been a few studies examining the effect of increased stress hormones on phagocytic function in
the pig. A decrease in the number of phagocytosing monocytes was observed in pigs subjected
to a social stress experiment, in which it was accompanied by an increase of CORT, ADR, and
NA plasma levels (38). However, neutrophils were not investigated in said study, and there is
no information given about the efficacy of the phagocytosing cells. In another pig study,
untrained and thus presumably more-stressed pigs subjected to a novel object test had a higher
number of phagocytosing neutrophils accompanied by a higher efficacy than neutrophils of
trained pigs. Because the experiment did not cause changes in CORT, the enhancement was
supposedly caused by increased CA concentrations, which were not quantified in the study (92).
To the best of our knowledge, the current study is the first to demonstrate stress hormone effects
on the phagocytic function of porcine innate immune cells, in this level of detail, and for CORT,
ADR, and NA separately. The results also show similarities to humans for this parameter, thus

giving further indication of the pig’s suitability as a human model in immunologic research.

Our study presents differential effects of the three main stress hormones on number and
functionality of various porcine innate and adaptive immune cell populations. It is particularly
noteworthy that we achieved physiologic stress levels of each individual hormone without
triggering an endogenous release of the others. Although the numbers of most cell types
returned to preinfusion levels after the end of the experiment, some effects appear to be longer
lasting. We also observed functional alterations indicating a shift from adaptive toward innate
immune functionality. A redistribution of immune cells to potentially endangered tissues like
the skin combined with an enhanced efficacy of phagocytes may help animals cope with threats
that would typically be accompanied by an increase of stress hormones, like being attacked by
a predator. This study thus provides further evidence for an adjusting rather than a generally
suppressive short-term response of the immune system to physiologic stress hormone levels.
Taken together, our findings not only add to knowledge about the impact of stress on the pig

for its own sake but also strengthen its status as a suitable human model.
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Supplementary Fig. S1. Gating strategy for discrimination of immune cell subsets. Staining
was performed with heparinized whole blood and combinations of fluorochrome-conjugated
pig-specific mAbs against CD3e, CD4 and CD8a (combination A), CD3e, CD8a and CD172a
(combination B) or without antibody addition. After red blood cell lysis, leukocyte subsets were
determined by flow cytometry. Based on size and granularity, PBMC and granulocytes were
discriminated using forward and side scatter. Subsequently, granulocytes were further divided
into neutrophils and eosinophils by autofluorescence of eosinophils in the unstained sample.
PBMC were differentiated into CD3" non-T cells and CD3" T cells. T cells were further
subdivided into CD3"CD4"CD8a cells (naive Tn cells), CD3"CD4"CD8a" cells (antigen-
experienced Ty cells), CD3"CD4CD8a"9" cells (cytotoxic T cells) and CD3*CD4 CD8ao%
cells (yo T cells), within staining combination A. By staining with combination B, non-T cells
were further divided into CD3'CD172aCD8u" cells (NK cells), CD3'CD172°CD8a cells
(mostly B cells), CD3'CD1729MCDS8a cells (mainly DCs) and CD3 CD172""CD8a cells
(monocytes). Shown are exemplary dot plots of flow cytometric analysis of blood immune cells

from pigs of the present study.
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Abstract

In stressful situations, catecholamines modulate mammalian immune function, and in addition,
they can be sensed by many bacteria. Catecholamine sensing was also found in the zoonotic gut
pathogen Salmonella Typhimurium, probably contributing to the stress-induced increased risk
of salmonellosis. Virulence traits such as proliferation and invasiveness are promoted upon
bacterial catecholamine sensing, but it is unknown whether S. Typhimurium may also inhibit
mammalian immune function in stressful situations. We thus investigated whether supernatants
from S. Typhimurium grown in the presence of catecholamines modulate porcine mitogen-
induced lymphocyte proliferation. Lymphocyte proliferation was reduced by supernatants from
catecholamine-exposed Salmonella in a dose-dependent manner. We further examined whether
adrenaline oxidation to adrenochrome, which is promoted by bacteria, could be responsible for
the observed effect, but this molecule either enhanced lymphocyte functionality or had no
effect. We could thereby exclude adrenochrome as a potential immunomodulating agent
produced by S. Typhimurium. This study is the first to demonstrate that bacteria grown in the
presence of catecholamine stress hormones alter their growth environment, probably by
producing immunomodulating substances, in a way that host immune response is suppressed.
These findings add a new dimension to interkingdom signaling and provide novel clues to

explain the increased susceptibility of a stressed host to Salmonella infection.

Keywords

Salmonella Typhimurium, catecholamines, adrenaline, noradrenaline, adrenochrome, pig,

stress, interkingdom-signalling, lymphocytes, immune function
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Introduction

In acute stress situations, the mammalian body launches a rapid physiologic response, which
enables it to cope with threats imposed on its health. In the course of such a “fight-or-flight”
reaction, substantial amounts of stress hormones, particularly adrenaline (ADR) and
noradrenaline (NA), can be released from the adrenal gland and at sympathetic nerve endings.
These catecholamines (CAs) not only exert effects on blood circulation, respiration, energy
metabolism, and many other functions supporting physical exertion (1-3), but also affect the
immune system (4, 5). The long-held view of general immunosuppression by stress hormones
was increasingly challenged in recent years, as especially CA actions are rather diverse and
dose-dependent, including both inhibiting and enhancing actions (5-9). In some organs, such
as the spleen or the gut, stress-related CA release can lead to local concentrations of up to 10~
10 102 M (10, 11), which is much higher than in the blood, where levels are between 10~° and
107° M (12, 13). This is caused by NA discharge from synaptic vesicles at noradrenergic nerve
endings (10, 11, 14). In the gut and other tissues with contact to the external world via epithelial
surfaces, CAs can even cross the epithelial border and interact with microorganisms living in
those ecological niches (15-18). In the colon, NA can reach a concentration of about 50 ng/g

luminal content (14).

In the last two decades, more and more studies in the field of microbial endocrinology emerged,
investigating the cross-talk between the endocrine and nervous system of host species and
microorganisms inhabiting or invading them. A plethora of microorganisms exist naturally as
commensals, e.g., in the gut, oral cavity, and on the skin (19-21). It is therefore no surprise that
both parties evolved mechanisms to communicate with each other via mammalian hormones
and hormone-like microbial molecules, with mutual benefits supporting symbiosis. However,
many pathogens have been proven to sense stressful situations with high CA levels and exploit
them by boosting virulence (22, 23). NA can be used by many bacterial species as an iron donor
(24, 25) or activate quorum sensing—a bacterial cell-to-cell communication—by directly binding
to QseC or QseE (26-28). Elevated ADR and NA concentrations can thus lead to an increased
bacterial growth rate (29, 30), motility (26, 29), or attachment to epithelial surfaces (22)—in
short, higher chances of infection. This interkingdom signaling works in both directions.
Independently of host stress, bacteria produce molecules for interbacterial communication,
some of which have a hormone-like side effect on host cells (31). For instance, many Gram-
negative bacteria produce substances, which are chemically analogous to eukaryotic lipid

hormones and can modulate host immune functions such as neutrophil chemotaxis and
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lymphocyte proliferation (32-35). Moreover, some quorum-sensing molecules produced by
several regular inhabitants of the gastrointestinal tract (GIT) probably act as agonists at
adrenergic receptors (ARs) (36).

Regarding this intense cross-talk between kingdoms, it is conceivable that in stressful situations,
pathogens not only modulate their own properties but may even actively manipulate immune
cells to exploit a weakened host. Upon CA perception, they might react with the release of
bacterial hormone-like molecules similar to the aforementioned ones. Furthermore, a microbial
alteration of mammalian CAs might lead to the formation of an immunomodulating substance.
CAs are vulnerable to oxidation (37), and in the presence of superoxide, the oxidation of ADR
to adrenochrome (AC) is promoted (38). A boost of AC formation by superoxide-producing
bacteria might cause immunomodulation as it was shown that AC can bind to B-ARs (39), which
can be found on most immune cells (40). Indeed, it was demonstrated in Vibrio
cholerae O395N1 that the bacterial Na*-translocating NADH:quinone oxidoreductase (NQR)
promoted the oxidation of ADR to AC by superoxide production (41). AC supported the
pathogenicity of V. cholerae by stimulating its growth even stronger than ADR and in addition
exerted immunomodulating effects by inhibiting tumor necrosis factor a (TNF-a) production
in a human monocytic cell line (41). It can be hypothesized that V. cholerae is not the only gut
pathogen capable of this reaction, and the promotion of AC formation may be a strategy also
used by other bacteria to manipulate host immune functionality. An interesting candidate to test
this hypothesis is the important ~ zoonotic gut pathogen, Salmonella
enterica ssp. enterica serovar Typhimurium (S. Typhimurium), which is common in domestic
pigs (Sus scrofa domestica) and difficult to eradicate. It is known that stress has a negative
impact on primary Salmonella infection in pigs and also on the recrudescence of asymptomatic
latent infections, for example, by transportation to the slaughterhouse (42). The resulting
bacterial shedding by slaughter pigs leads to increased carcass contamination and thus
intensifies the risk of food-borne transmission to humans (43). However, despite the importance
of this bacterial infection both from a veterinary and a medical point of view, the underlying
mechanisms of these observations are still not sufficiently resolved. Because an enhanced
motility and growth rate upon CA sensing have also been found in Salmonella (16, 26),
studying interkingdom signaling is a promising approach to better explain the promotion of

salmonellosis by stress.

The aim of the present study was thus to investigate whether S. Typhimurium grown in the

presence of CAs has the potential to hamper porcine immune functionality. We examined the
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effects of supernatants from S. Typhimurium cultures exposed to NA or ADR on lymphocyte
proliferation and demonstrated an inhibitory effect. Furthermore, we investigated whether AC

is the causative agent of this inhibition.

Materials and Methods
Animals and Sampling

To obtain blood forin vitro studies without stress hormone release during the sampling
procedure, 37 castrated male pigs (German Landrace x Pietrain, age 7 months) with indwelling
vein catheters were used in total. At least 14 days before the beginning of blood sampling, Vena
cephalica cannulation was performed under generalized anesthesia. Surgery was performed as
previously described (44) with few modifications (45). The barrows were housed individually
in pens (5.4 m?) with visual and tactile contact to their conspecifics. Pens were littered with
dust-free wood shavings and cleaned every day after feeding. Light was on from 06:30 until
20:30. Pigs were fed hay ad libitum and concentrate (1.5 kg/meal, ME 12 MJ/Kg) twice a day
in the morning at 07:30 and in the afternoon at 15:00. To ensure blood sampling without
disturbance of the animals, pigs were thoroughly habituated to human handling. Catheters were
rinsed with heparinized saline (115 IU/mL; B. Braun Melsungen AG, Melsungen, Germany)
every day during feeding in the morning. For blood collection via the catheters, 5 mL of blood
was drawn and discarded before 10 mL blood per animal was collected into lithium heparin
tubes (Sarstedt, Nimbrecht, Germany). Separation of peripheral blood mononuclear cells
(PBMCs) from whole blood was performed with Leucosep™ Centrifuge Tubes (Greiner Bio-
One, Frickenhausen, Germany) using Biocoll with a density of 1.077 g/mL (Biochrom, Berlin,
Germany) as previously described (6). In brief, PBMCs were separated by a density gradient,
and after two washing steps; cells were suspended in RPMI 1640 supplemented with 10% fetal
calf serum (FCS) and 50 pg/mL gentamycin (all Biochrom). Afterward, cell concentration was

determined with a Z2 Coulter Counter (Beckman Coulter, Krefeld, Germany).
Preparation of Bacterial Supernatants

To acquire supernatants from bacteria grown in vitro in presence and absence of 0.1 mM ADR,
0.1 mM NA, o 002 mM AC (Sigma-Aldrich, Taufkirchen, Germany), S.
enterica serovar Typhimurium Zoosaloral his™*°/ade™ (S. Typhimurium; DSM-No: 11320),
auxotroph for histidine and adenine was chosen. S. Typhimurium was first allowed to grow on

LB agar overnight at 37°C [1% (wt/vol) tryptone, 0.5% (wt/vol) yeast extract, 1% (wt/vol)
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NaCl, and 1.5% (wt/vol) bacto agar]. A single colony was used to inoculate 25 mL of LB
medium [1% (wt/vol) tryptone, 0.5% (wt/vol) yeast extract, 1% (wt/vol) NaCl]. After
incubation overnight at 37°C and 180 rpm shaking (Infors HT Ecotron), S. Typhimurium cells
were harvested by centrifugation (3 min, 10,000 x g), washed, and resuspended in heat-treated
serum-SAPI cultivation medium (29) to obtain an optical cell density at 600 nm of 2 (Diode
Array HP 8462A, Hewlett Packard, Palo Alto, CA, United States). Heat-treated serum-SAPI
cultivation medium contains SAPI solution [6.25 mM NHsNOs, 1.84 mM KH2POys, 3.35 mM
KCI, autoclaved; 1.01 mM MgSOg, 2.77 mM glucose, 10 mM HEPES pH 7.5 sterile filtered
(0.22 um)], 30% (vol/vol) FCS (Sigma-Aldrich), which was heat inactivated at 55°C for 20 min
prior to use and supplementation of 0.12 mM adenine monohydrochloride and 0.13 mM L-
histidine. Serum-SAPI was used as it is the medium of choice for analysis of CA effects on
bacteria (15, 29, 30). Cultivation medium was inoculated with the cell suspension to obtain an
ODgoo 0f 0.01. To triplicates of 20 mL inoculated serum-SAPI either 10* M ADR, 10* M NA,
or 2 x 10° M AC (Sigma-Aldrich), or no further compound was added and incubated at 37°C
and shaking (180 rpm). As control, cultivation medium without bacterial cells and without CAs
or AC was also incubated under the same conditions. After 8 h of growth, when cells were in
the exponential growth phase, cells were harvested by centrifugation (15 min, 7,000 rpm) and
the supernatant was sterile filtered (0.22 um), frozen in liquid nitrogen, and stored at -80°C.
Cells were harvested for collection of supernatants at OD600 = 0.34 (no addition), 0.47 (ADR),
0.49 (NA), and 0.36 (AC).

Determination of CA Contents in Bacterial Supernatants via High-Performance Liquid

Chromatography

High-performance liquid chromatography (HPLC) with electrochemical detection was
conducted to determine the concentration of CAs in bacterial supernatants grown in the
presence of NA or ADR. The HPLC system (ISO-3100BM, Thermo Fisher Scientific) was
connected to an electrochemical detector [Coulochem 111, conditioning cell (model 50210A),
analytical cell (model 5011A), Thermo Fisher Scientific]. The potentials of the cells were set
at 300, 50, and -250 mV. The system was equipped with the column Reprosil Pur 120 C18-AQ
(4.6 x 75 mm) (A. Maisch, Ammerbuch, Germany). Cat-A-Phase Il was used as the mobile
phase, with a flow rate of 1.1 mL/min. The sample preparation with alumina extraction were
adapted from the method first described by Anton and Sayre (46). Bacterial supernatants were
diluted (1:10,000 and 1:20,000) to be in the range of the applied calibration curve. In brief, 1
mL of sample and 500 pg of an internal standard (dihydroxybenzylamine; Thermo Fisher
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Scientific, Darmstadt, Germany) were added to extraction tubes containing 20 mg aluminum
oxide previously activated with 600 pL 2 M TrissEDTA buffer (pH 8.7). Samples were
thoroughly mixed in an overhead shaker for 10 min and centrifuged at 1,000 x g for 1 min
(4°C). Samples were washed three times with 1 mL of 16.5 mM Tris/EDTA buffer (pH 8.1),
followed by centrifugation. The CAs were eluted by addition of 120 pL eluting solution
(Recipe, Munich, Germany), short mixing, and centrifugation at 1,000 x g for 1 min (4°C).
Aliquots of 50 uL were injected into the HPLC system. The internal standard method using

peak areas was applied to evaluate the concentration of the samples.
Lymphocyte Proliferation Assay

For investigation of lymphocyte proliferative capacity, a mitogen-induced lymphocyte
proliferation assay was performed as previously described (47). In short, PBMCs were seeded
into 96-well round-bottom cell culture plates (Neolab, Heidelberg, Germany) with 1.5 x
10° cells/well and either stimulated with 5 pg/mL concanavalin A (ConA) or 5 ug/mL
pokeweed mitogen (PWM) (both Sigma-Aldrich) or left without stimulation. Subsequently,
supernatants from the differently treated S. Typhimurium cultures were added in concentrations
of either 5, 10, or 15% of the total cell culture volume. To guarantee similar growth conditions
throughout the wells, pure serum-SAPI was applied to control wells as well as for volume
compensation, resulting in 15% serum-SAPI-based additive in every well. Each treatment was
done in triplicates. Cells were incubated at 39°C, and 5% CO- for 48 h before 0.25 pCi 3H-
thymidine/well (PerkinElmer, Rodgau, Germany) was added, followed by a further incubation
for 24 h. PBMCs were harvested using glass fiber filters (Sigma-Aldrich), and the incorporated
radioactivity was measured by a liquid scintillation analyzer (PerkinElmer). For each treatment,
the mean of counts per minute (cpm) was calculated, and the mean cpm of the unstimulated

control was subtracted to gain Acpm.

HPLC analysis of the Salmonella supernatants showed that substantial amounts of CAs were
still present in CA-treated cultures. We thus performed an additional experiment to ensure that
probable bacterial effects were not in fact caused by CAs or by mere synergistic effects of
bacterial products and CAs. Therefore, previously frozen PBMCs of three animals were thawed
and seeded with 1.5 x 10° cells/well in 96-well round-bottom cell culture plates in RPMI 1640
supplemented with 10% FCS and 50 ug/mL gentamycin. Cells were incubated at 39°C and 5%
CO:- as described for the first experiment after adding one of the following treatments: PBMCs
were either left unstimulated after addition of 15% serum-SAPI medium or stimulated with 5

ug/mL ConA. Stimulated cells were supplemented with one of the following additives: 15%
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serum-SAPI alone, 15% serum-SAPI and 10° M NA, 15% serum-SAPI and 10~° M ADR, 15%
supernatants  from S. Typhimurium  grown  without hormone, 15%  supernatants
from S. Typhimurium grown in the presence of 10*M NA or 10*M ADR, or 15%
supernatants from S. Typhimurium grown without hormone with retrospective addition of 10~
> M NA or 10° M ADR.

In a third experiment, lymphocyte proliferation was assessed again as described previously but
with addition of AC (Sigma—Aldrich). As the effective concentration (and the amount of
presumed ADR oxidation in Salmonella cultures) was unknown, we investigated a wide range
of concentrations (10720 to 107> M). After addition of AC and stimulation with 5 ng/mL ConA
or 5 ug/mL PWM, cells were incubated, and proliferation was determined as described above.

Statistical Analysis

For statistical analysis, we used the software SAS, version 9.4 (SAS institute Inc., Cary, NC,
United States), applying the MIXED procedure. Degrees of freedom were determined with the
Kenward—Roger method (48); normal distribution and variance homogeneity were confirmed
visually by normal probability plots and plots of residuals versus fitted values (49). For
estimation of variance components, we used the restricted maximum likelihood method. The
models included the factors “treatment” and “trial,” as well as their interaction as fixed effects
and “sampling day” and “sampling day x treatment” as random effects. To take into account
the individual level of the pigs, “animal” was included as a repeated effect. If data were not
normally distributed, logarithmic or square root transformation was performed to attain
normality. The results are presented as least square (Is)-means + standard error of the mean
(SEM). Statistically significant differences were determined by Fisher’s least significant
difference test. Significance limits were set as follows: *p < 0.05, **p < 0.01, **p < 0.001,

and 'p < 0.1 (tendency).

Results

Supernatants From CA-Treated S. Typhimurium Cultures Inhibit Lymphocyte Proliferation

We first evaluated the effects of supernatants from S. Typhimurium cultures on lymphocyte
proliferation. Compared to the media control, the addition of supernatants from hormone-
free Salmonella cultures enhanced ConA-induced lymphocyte proliferation (FIGURE 1A). In
comparison to supernatants from hormone-free Salmonella cultures, lymphocyte proliferation
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was reduced significantly if 10% or 15% of supernatants from Salmonella grown in the
presence of ADR or NA were added and already tended to be lower (p = 0.053) if 5% of
supernatants from Salmonella grown in the presence of ADR were added. In PWM-stimulated
PBMCs, already the addition of supernatants from hormone-free Salmonella cultures reduced
proliferation compared to the media control (FIGURE 1B). But similar to ConA-stimulated cells,
addition of 10% or 15% of supernatants from Salmonella grown in the presence of NA further
reduced proliferation significantly. The addition of supernatants from Salmonella grown in the
presence of ADR caused a less pronounced suppression of PWM-stimulated cells with a
significant effect if 15% and a tendency (p = 0.058) if 10% were added.
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Figure 1. Lymphocyte proliferation after stimulation with either (A) concanavalin A (ConA)
or (B) pokeweed mitogen (PWM), as well as addition of either serum-SAPI medium (white) or
supernatants from Salmonella Typhimurium cultures grown for 8 h at 37°C without hormones
(light gray) or in the presence of 10 M noradrenaline (NA; medium gray) or 10 M adrenaline
(ADR; dark gray). Supernatants were added in concentrations of either 5%, 10%, or 15% of the
cell culture volume as indicated on the x axis. Treatments that are statistically significant from
each other are indicated by different letters on top of their bars, whereas bars that share a
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common letter do not differ significantly. Data are presented as Is-means + SEM (bars) and
single values of each animal (circles), n = 16.

Suppression of Lymphocyte Function Is Not Due to CA Action

Because CAs themselves are well-described to modulate immune cell functionality, we
determined whether CAs were still present in S. Typhimurium cultures incubated for 8 h in the
presence of either NA or ADR by HPLC analysis. Thereby, an ADR concentration of 19.67
pg/mL (1.07 x 104 M) was found, representing the same level as applied at the start of
incubation (1 x 10~* M). NA showed a slight decrease compared to the initial concentration of
1 x 10* M, but was still present in the supernatants at a concentration of 8.08 pg/mL (4.8 x 10~
®M). Thus, to verify that probable bacterial effects were not “ordinary” immunomodulating
effects of CAs or caused by mere synergistic effects of bacterial products and CAs, we tested
the effects of simultaneous addition of supernatant from S. Typhimurium grown without
hormones and either NA or ADR in the same range as found within the culture supernatants

tested in the initial experiment (cf. FIGURE 1).

As seen in FIGURE 2A, ConA-induced lymphocyte proliferation was significantly lower if
supernatants from Salmonella grown in the presence of NA or ADR were added compared to
supernatants from hormone-free Salmonella culture. Thus, the results presented above
(cf. FIGURE 1) could be confirmed. Notably, in contrast to this effect, no suppression occurred
on ConA-induced lymphocyte proliferation if supernatants from  hormone-
free Salmonella cultures were added simultaneously with ADR or NA (FIGURE 2A). Opposite
to the effect of supernatants from Salmonella grown in the presence of NA or ADR,
proliferation was slightly increased if cells were treated with NA (p = 0.073) or ADR (p =
0.068) alone (FIGURE 2B).
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Figure 2. Lymphocyte proliferation after stimulation with 5 pg/mL concanavalin A and upon
addition of 15% serum-SAPI (white), 15% supernatants from Salmonella Typhimurium
cultures grown without hormones (light gray) or grown with either 10 M noradrenaline (NA,;
middle gray) or 10 M adrenaline (ADR; dark gray) for 8 h at 37°C, or addition of 15%
supernatants from S. Typhimurium cultures grown without hormones simultaneous to
catecholamine addition [10° M NA (light gray hatched in middle gray) or 10> M ADR (light
gray hatched in dark gray)] (A); or upon addition of 15% serum-SAPI without further additives
(white) or additional supplementation with 10° M NA (white hatched in middle gray) or
10° M ADR (white hatched in dark gray) (B). Data are presented as Is-means + SEM, n = 3.
Asterisks and t in superscript indicate significant differences and tendencies compared to
supernatants from hormone-free Salmonella culture (A) or the hormone-free control (B),
respectively.

The ADR Oxidation Product AC Is Not the Active Inhibitory Agent in Supernatants From CA-
Treated Salmonella Cultures

To assess whether the oxidation of CAs by Salmonella might cause the observed suppressive
effect of supernatants from CA-treated bacterial cultures, we performed the lymphocyte
proliferation assay under the same conditions as in the first experiment (cf. FIGURE 1) but added
AC instead of bacterial supernatants (FIGURES 3A,B). If PBMCs were stimulated with ConA,
all tested concentrations led to an enhancement of proliferation compared to the AC-free control

(FIGURE 3A), whereas no effect was observed upon stimulation with PWM (FIGURE 3B).
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Figure 3. Lymphocyte proliferation upon addition of adrenochrome (A,B) or serum-SAPI
medium or supernatants from Salmonella Typhimurium cultures grown without additive or in
the presence of 2 x 10~°> M adrenochrome for 8 h at 37°C (C,D), and stimulation with either 5
pug/mL concanavalin A [ConA; (A,C)] or 5 pg/mL pokeweed mitogen [PWM; (B,D)].
Significant differences are marked by asterisks, tendencies are indicated by a t in superscript.
Data are presented as Is-means + SEM, n =19 (A,B), n =16 (C,D).

Because AC can also have a direct effect on bacteria, like in V. cholerae (41), we assumed that
its effect on PBMCs might possibly be mediated indirectly, by modulating the behavior
of S. Typhimurium upon sensing. In addition to the treatment of Salmonella cultures with NA
or ADR, we thus also cultured S. Typhimurium with 2 x 10°> M AC for 8 h at 37°C before
centrifugation and microfiltration. If supernatant from these cultures was added to ConA-
stimulated PBMCs, proliferation was enhanced compared to the serum—SAPI—control but not
significantly different from the proliferation upon addition of supernatants from hormone-
free Salmonella cultures (FIGURE 3C). If PWM was used, proliferation was lower than upon
serum-SAPI addition and on the same level as with the supernatant from hormone-

free Salmonella cultures (FIGURE 3D).
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Discussion

The results of the present study indicate a close host—pathogen cross-talk in situations with
elevated stress hormone levels in pigs. Based on pioneering work demonstrating the ability of
many bacteria to increase pathogenicity in response to CAs (23, 50), we here show that
interkingdom signaling also works the other way. Our data indicate that there is a direct action
of CA-treated bacteria on host immune cells. Lymphocytes treated with cell-free supernatants
from S. Typhimurium grown in the presence of ADR or NA showed a decreased proliferation,
which is probably not the only hampered immune function. Future studies should investigate
further important immune functions such as the production of pro-inflammatory cytokines,

which are also involved in Salmonella control (51).

We demonstrate that the inhibition of lymphocyte proliferation does not simply reflect an
immunomodulating effect of CAs, as retrospective addition of ADR or NA in combination with
supernatant of non-treated S. Typhimurium did not inhibit mitogen-induced proliferation of
porcine immune cells. This is also supported by our previous study, showing that under the
same cell culture conditions, the sole addition of ADR or NA led to an increased lymphocyte
proliferation instead of its reduction (6). This implies that the proposed immunosuppressive
substance produced by CA-treated S. Typhimurium must be very potent if it even diminishes

the enhancing effect of the CAs that were still present in the supernatants.

To the best of our knowledge, this is the first study to report that bacteria grown in the presence
of stress hormones alter their growth environment—probably by producing immunomodulating

substances—in a way that host immune response is impaired.

Based on own previous studies, AC was a promising candidate for the observed
immunosuppression by S. Typhimurium. These experiments demonstrated that AC was formed
during bacterial culture of V. cholerae (29, 41) upon ADR addition, and AC treatment of the
human monocytic cell line THP-1 caused a hampered TNF-o production (41). Also, it is already
known that AC can bind to ARs (39), which are present on all immune cells (4). We thus
investigated whether this oxidation product of ADR may be responsible for the observed effects
on porcine primary immune cells. However, AC either added directly to porcine lymphocytes
or added to S. Typhimurium cultures did not decrease porcine lymphocyte functionality but
instead had no effect or even increased it. Based on these results, it can be ruled out that AC is
the immunomodulating  substance responsible  for the observed inhibition.

Thus, S. Typhimurium must have produced different signaling molecule(s). At this point, it can
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only be speculated as to what substance might be responsible for the findings by comparing the
demonstrated effects with those attributed to already identified molecules that are produced
by S. Typhimurium or other bacteria.

It was shown that NA triggers the release of autoinducers (Als) in many Gram-negative bacteria
including Salmonella (16). This group of quorum-sensing molecules not only enhances the
growth and virulence of the bacteria themselves but may also influence the host immune
system. The most prominently mentioned and potentially immunomodulatory Al in the
literature is Al-3, which is also produced by S. Typhimurium (36, 52). Although the exact
structure still remains unknown, it has an aminated aromatic compound and seems to have a
high similarity to CAs because it can be blocked by a- and B-adrenergic antagonists (53-55),
and both NA and Al-3 can bind to QseC (27). It is thus likely that Al-3 can bind to mammalian
ARs. However, we have previously shown by in vitro culture with CAs that AR binding leads
to increased proliferation of porcine PBMCs, contrary to the effects of supernatants from ADR-
or NA-treated Salmonella presented here (6). Also, an a-adrenergic action of Al-3 is unlikely
as binding to these receptors generally causes an enhanced immune functionality (4, 9).
Nevertheless, it cannot be precluded at this point that Al-3 might specifically bind to B>-ARs in

mammalian immune cells, which are mostly immunosuppressive (56).

There is a second important Al molecule produced by S. Typhimurium in the exponential
growth phase, named Al-2 (57). It plays a role in invasion and intracellular survival in
macrophages (58, 59), but indications for a direct modulation of host immune cells have not
been found so far. Whether this is a candidate for immunosuppression by Salmonella in a

stressed host may be subject of future studies.

Another interesting class of bacterial hormone-like molecules is the lipophilic acyl homoserine
lactones (AHLSs). They are chemically analogous to eukaryotic lipid hormones and can either
impair or exacerbate immune functions, depending on their concentration. It has even been
shown that they have the ability to inhibit lymphocyte proliferation and TNF-a production in
macrophages and Th cells (32, 60, 61). Although this very much resembles the findings of the

present study, an AHL production was so far not described in Salmonella species (62).

Also, it was shown that S. Typhimurium can deacylate the lipid A portion of their
lipopolysaccharide, which results in a lower activation of Toll-like receptor 4 on antigen-
presenting cells. As a consequence, the immune-activating intracellular nuclear factor B

signaling, as well as the release of pro-inflammatory cytokines, is hampered (63). It is
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conceivable that the effects observed in the present study may at least partly be caused by an

activation of this mechanism upon CA sensing of the bacteria.

Conclusively, this study added further novel clues to explain the increased susceptibility of a
stressed host to infection. It has been shown earlier that stress has a negative impact
on Salmonella recrudescence in pigs by increasing intracellular Salmonella proliferation in
macrophages (64). A direct effect on invasiveness and intracellular survival rate
of S. Typhimurium by binding of NA to the histidine kinase QseC was demonstrated in another
study in mice (65). S. Typhimurium infection in calves was also aggravated by an increase of
bacterial proliferation by NA, probably through acting as an iron donor for the bacteria (66).
The present work shows for the first time that bacteria grown under the influence of NA or
ADR are even able to hamper mammalian lymphocyte functionality. Thus, valuable
information is added to the phenomenon of increased Salmonella susceptibility of stressed pigs.
Pigs represent an important meat-producing agricultural species and are relevant carriers of the
widely distributed zoonotic agent S. Typhimurium (67). At the same time, pigs are an excellent
model for human salmonellosis because porcine nutritional physiology and gut anatomy as well
as the immune system are very similar to that of humans (68-71). Upon this basic study, it is
thus possible to make presumptions about effects of stress on the risk of salmonellosis in
humans, i.e., increased risk of infection due to immunosuppression by CA-primed bacteria,
while at the same time gaining knowledge about porcine immunology that may have impacts

on pig husbandry and food hygiene at the slaughterhouse.
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3 GENERAL DISCUSSION

Psychoneuroimmunology is the interdisciplinary study of the connection between
psychological states and health, essentially mediated by endocrine, neuronal and immune
mechanisms (Besedovsky and del Rey, 2007). Two central regulatory systems involved in the
modulation of the immune system by physical or psychological stress are the HPA and SAM
axes. The release of cortisol, adrenaline or noradrenaline can thus influence immune cell
numbers and function as well as the development of inflammatory, autoimmune and infectious
diseases (del Rey et al., 2008; Goldstein, 2010). Stress can either enhance or suppress immune
functions, depending on duration and predominantly activated stress axis (Dhabhar, 2009;
Koolhaas et al., 1999). The stress-induced increase of bacterial infections and the recrudescence
of latent infections, for example known for S. Typhimurium, is not conclusively understood yet
(Casanova-Higes et al., 2017; He et al., 2019; Konturek et al., 2011; Verbrugghe et al., 2012).
In the endeavour to understand the complex interplay between stress hormones, the immune
system and bacteria, large animal models with a high similarity to humans are of increasing
importance but require further verification. The present thesis added many new insights to the
knowledge about the impact of stress hormones on the immune system of the domestic pig. By
examining the effects of cortisol, adrenaline and noradrenaline separately, their impact on
porcine immune cell numbers and functionality was characterised on a high level of detail. In
addition, indications of a new form of interkingdom communication under the influence of
catecholamines were discovered, which presumably contributes to the increased susceptibility

of stressed animals to Salmonella infection.

3.1 Main findings

To systematically assess the effects of cortisol, adrenaline and noradrenaline as the main stress
hormones of the HPA- and the SAM axis, this project was partitioned into three studies, using
both in vitro and in vivo approaches. To set the stage for a subsequent more in-depth analysis,
a first experiment was designed based on the in vitro establishment of general principles and
dose-response relationships of GC and CA application to porcine peripheral blood mononuclear

cells (MANuUSCRIPT 1). Based on these findings, methods for functional immune assessment
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were applied and extended under in vivo conditions, complimented by additional measurements
like immune cell numbers and antibody concentrations (MANUSCRIPT Il). Finally, the interplay
of mammalian immune cells and Salmonella Typhimurium under the influence of stress
hormones was explored using an experimental setting analogous to the first trial combined with

bacteriological methods (MANUSCRIPT I11).

3.1.1 Glucocorticoid effects on blood immune cell numbers and functionality

Since the Nobel price-awarded discovery of the therapeutic potential of glucocorticoids for the
treatment of inflammatory diseases like allergies and autoimmune disorders by the mid of the
20" century, research long set a main focus on their clinical application (Hench et al., 1950;
The Nobel Prize in Physiology or Medicine 1950). The underlying mechanisms of
immunomodulation and the physiologic function of GCs in stressful situations, however, are
still subject of intense scientific exploration. In pigs, many behavioural experiments have been
conducted to study the consequences of stress on immunity. Many of them reported increased
plasma cortisol concentrations and consequently attributed the observed immune effects to this
stress hormone (Kick et al., 2011). However, although not intensively studied in pigs, it is most
probable that the investigated stressors often likewise enhanced CA levels. To completely
understand the impact of stress on immune functionality, it is important to dissect the actions
of GCs and CAs. An elegant approach to this challenge is to iatrogenically increase stress
hormone concentrations by administration of one hormone at a time, thus ensuring controllable
and comparable blood levels. After injection of cortisol, CRF or ACTH, a decreased
lymphocyte proliferation, cytokine production, NK cell cytotoxicity as well as an increased
neutrophil:lymphocyte ratio was reported (Johnson et al., 1994; Otten et al., 2007; Otten et al.,
2008; Salak-Johnson et al., 1996; Wallgren et al., 1994). Though it must not be forgotten that
CREF can, in addition to the activation of the pituitary and subsequent cortisol synthesis in the
adrenal cortex, also lead to CA release (Minton, 1994). Therefore, to study the distinct effects
of CORT, it is advisable not to treat pigs with ACTH or CRF but with cortisol itself to prevent
a distortion of results. Also, the blood sampling technique may skew the outcome of
experiments since stressful conditions during blood collection like fixation via nose snhare and
vein puncture lead to rapid CA release (Dhabhar, 2018; Grouzmann et al., 2003; Sapolsky et
al., 2000). To avoid these pitfalls, the present thesis relied on an innovative experimental design,
using indwelling catheters for blood sampling and drug administration. By measurement of

plasma hormone concentrations, it was demonstrated that the application of one stress hormone
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never caused an increase of the other two. Also, these analyses confirmed that animals which
received no hormone did not react with endogenous stress hormone release to the sampling

procedure.

An inhibition of porcine lymphocyte proliferation after in vitro CORT treatment of thusly
obtained PBMC (MANUSCRIPT 1) could be repeated in vivo by intravenous administration of
CORT at concentrations resembling mild physiologic stress (MANUSCRIPT II). Other
experiments in pigs that obtained similarly elevated plasma cortisol concentrations are in
agreement with this finding (Deguchi and Akuzawa, 1998; Kanitz et al., 2004; Tuchscherer et
al., 2016; Wallgren et al., 1994). The minimal inhibitory concentration was comparable to
human studies (Cupps et al., 1985; van den Brink et al., 1992) and confirms the pig as a “GC
resistant” species like humans, in contrast to rodents, where lymphocyte functions are hampered
already at lower GC concentrations and which are therefore deemed a “GC sensitive” species
(Claman, 1972; Parrillo and Fauci, 1979; Roess et al., 1982; Westly and Kelley, 1984). This
downregulation of lymphocyte function is achieved by direct gene regulation by the GR. Also,
T cell receptor signalling is attenuated through the interaction of the GR with activating
transcription factors like NF-xkB, AP-1 or NFAT (Cain and Cidlowski, 2017; Petrillo et al.,
2014; Tsitoura and Rothman, 2004). Furthermore, antigen presentation and activation of
lymphocytes by release of TNFa and other proinflammatory cytokines by monocytes and
dendritic cells are modulated by GCs (Cain and Cidlowski, 2017; Shodell et al., 2003; Szatmari
and Nagy, 2008). In the present thesis, a downregulation of TNFa could also be demonstrated
in almost every porcine leukocyte subset after in vitro addition of cortisol (MANUSCRIPT I). In
contrast, innate immune function, portrayed by phagocytic efficiency of monocytes, was
enhanced in cortisol-infused pigs (MANUSCRIPT I1). A stimulation of phagocytic function under
the influence of CORT was also found in humans (Barriga et al., 2001; Forner et al., 1995;
Gratchev et al., 2005) and GCs were even found to prevent apoptosis in human neutrophils
(Cox, 1995). This promotion of phagocytic activity by both GCs and CAs (Ortega et al., 2007)
is highly valuable in stressful situations involving fighting or fleeing where an injury and
subsequent bacterial contamination is likely to occur and phagocytes are the first cell types to

keep a local infection at bay by fast, unspecific killing of pathogens (Lim et al., 2017).

For an efficient response to pathogens, also the distribution of immune cells in the body is
essential. Under resting conditions, immune cells constantly circulate between their origins —

mostly bone marrow and thymus —, blood and lymphatic vessels as well as the different non-
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lymphatic organs (Dhabhar, 2002). A decrease or increase of certain immune cells in the blood
as it occurs e.g. in infections but also in stressful situations, can thus indicate the release of
naive cells from secondary lymphoid organs, death of circulating cells or their trafficking to
different tissues (Dhabhar et al., 2012; Hermann et al., 1994; van Tits et al., 1990). While most
studies both in pigs and in other species investigated blood immune cell numbers in a context
of different stressors, thus mostly measuring the mixed effect of GCs and CAs, the present
thesis was able to dissect the trafficking effects of CORT, ADR and NA by separate infusion
(MANuscrIPT Il). The impacts of cortisol infusion on blood immune cell numbers of pigs very
much resemble those reported for humans (Dale et al., 1975; Dhabhar et al., 2012; Kothari and
Saunders, 1961; Zahorec, 2001). All lymphocytes belonging to adaptive immunity as well as
dendritic cells and eosinophils showed a marked decrease, some reaching a nadir at numbers
about half of those of the control group. At the same time, neutrophil numbers changed in the
opposite direction, outranging control values by more than 100%. Under resting conditions,
most neutrophils are attached to the endothelium, especially in the lung (Peters, 1998). The
detachment of neutrophils from this marginated pool by GCs and CAs in a stressful situation
contributes to the enhancement of innate immunity (Beis et al., 2018; Dale et al., 1975; Dhabhar
et al., 2012; Fay et al., 2016). The decrease of adaptive immune cell types in the blood by
cortisol may indicate a hampered immune surveillance (Dhabhar et al., 1996). However, it was
also shown that a GC-induced redistribution from the blood to the skin enhanced local cell-
mediated immunity (Dhabhar et al., 2000), which might contribute to the promotion of pathogen

killing at a site of injury, as described for phagocytic innate immune cells.

Taken together, the findings in cortisol-infused pigs are very similar to those obtained in human
studies and match the overall picture of a GC-induced shift from adaptive to innate and from
Thl to T2 immunity (Ashwell et al., 2000; Elenkov and Chrousos, 1999; Leung and Bloom,
2003). Of note, the detection of classical T2 cytokines like IL-4, IL-5 or IL-13 in pigs is
technically challenging and was not included in the present study but might be subject to future
investigations with a methodological focus. Since cortisol infusion caused no changes in CA
plasma concentrations, the obtained results also give valuable new insights into the immune
reaction of animals with a reactive or passive coping style in stressful situations, as observed in
submissive animals (Bohus et al., 1993; Henry, 1982; Holst, 1997; Koolhaas, 2008; Koolhaas
and van Reenen, 2016; Stefanski, 1998).
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3.1.2 Catecholamine actions on the immune system

The impact of catecholamines on immune and other body cells is mediated via a- and B-
adrenergic receptors, which are embedded in the cell membrane (Perez, 2006). The distribution
of the different subtypes varies depending on cell type but can also be modulated by up- or
downregulation in different situations (Hadcock and Malbon, 1988; Krief et al., 1993; Schwinn,
1994; Thawornkaiwong et al., 2003). Most immune effects of catecholamines are mediated by
the PB2-AR which has predominantly inhibitory effects on functional parameters like
proliferation and production of proinflammatory cytokines (Scanzano and Cosentino, 2015).
Nevertheless, they can also enhance immune functionality via oa-adrenergic stimulation
(Hadden et al., 1970). The present study is the first to systematically investigate catecholamine
effects on porcine immune cell numbers and functionality (MANUSCRIPT | & I1). There are only
few reports on stressor-associated increases of blood CA concentrations and associated immune
modulations in pigs (Bacou et al., 2017b; de Groot et al., 2001; Kanitz et al., 2019; Ruis et al.,
2001), but it has to be assumed that the reported immune effects may be caused by simultaneous
CA- and GC release. By applying only NA or ADR, this interference was avoided in the present
project. The effects of catecholamines on immune cell functionality found in this thesis show a
differentiated picture of both immune enhancement and inhibition, depending on investigated
cell type and time of stress hormone application in relation to cell stimulation. While mitogenic
stimulation after catecholamine infusion caused a reduced lymphocyte proliferation
(MANuscCRrIPT 1), in vitro addition at the time of stimulation caused the opposite effect
(MANuUsCRIPT 1). This nicely shows that the timing of AR binding in relation to antigenic (or
mitogenic) stimulation is crucial for the outcome of CA treatment on lymphocyte functionality.
As reviewed by Sanders (2012), adrenergic receptor engagement before stimulation usually
leads to reduced activation while CA binding during or after stimulation has either no effect or
enhances lymphocyte function. The reduced proliferation in the in vivo trial might also in parts
be explained by a redistribution phenomenon. In a human CA infusion study, a decreased
lymphocyte proliferation was accompanied by an increased B-AR-density on immune cells and
a redistribution of circulating lymphocytes to other tissues while naive splenic lymphocytes
were released. These cells carry more f2-ARs, and are also more responsive toward p2-AR

mediated inhibition (van Tits et al., 1990).

Similar to cortisol, both adrenaline and noradrenaline promoted innate immune function in pigs,

as portrayed by a higher phagocytic activity of monocytes and neutrophils (MANUSCRIPT I1).
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Few other studies in pigs have investigated phagocytosis in pigs under the influence of stress
hormones (Bacou et al., 2017b; Lewis et al., 2008), but none of them has portrayed their effects
separately and investigated both number of active phagocytes and efficiency of the single
phagocytic cell. This project thus adds new details and gives further evidence for a promotion
of innate immune function described in other species also for the pig and increases its value as

a human model.

Analogous to CORT, the impact of ADR and NA on immune cell numbers in porcine blood
was analysed via separate infusion. The two catecholamines exerted mostly similar effects after
2h, where almost all T cell subsets decreased, an effect previously described in other species
(Dhabhar et al., 2012). The short-term effects of CAs are generally biphasic with a fast increase
of blood lymphocyte numbers within 30 min, which is primarily caused by detachment from
vascular endothelia and release from the spleen (Benschop et al., 1996; Dhabhar et al., 2012).
The subsequent drop in numbers is then due to redistribution to endangered tissues, like the
skin or gut, and homing to lymphatic organs (Carlson et al., 1997; Suzuki and Nakai, 2017).
Particularly noteworthy is the reaction of NK cells to adrenaline, which is directed in an
opposite direction to the other lymphocytes. This has also been described in other species and
is consistent with the elevation of other innate immune cells that are responsible for fast,
unspecific pathogen control (Schedlowski et al., 1993; Schedlowski et al., 1996). In contrast to
cortisol, where the reduction of immune cell numbers lasted the whole infusion period,
lymphocytes returned to normal after 24h or showed even a temporary overshoot to levels above
the control group. Consistent with the enhanced phagocytic efficiency, also the numbers of

monocytes and neutrophils in the blood increased in CA-treated pigs.

In summary, the demonstrated catecholamine actions on the porcine immune system are
diverse, but in comparison to cortisol, an enhancement of immune cell function and numbers
seems to be prevail. Thus, the findings of the present thesis support the picture of an enhanced
protection by increased immune functionality in fight-or-flight situations with acute
catecholamine release (Dhabhar, 2018) also for the pig. Also, the data obtained here add new
information about the immune reaction of animals with a proactive coping style, which is
characterised by a high sympathetic reactivity and more aggressive behaviour (Holst, 1997,
Kanitz et al., 2019; Koolhaas, 2008; Koolhaas and van Reenen, 2016; Stefanski, 1998).
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3.1.3 Immunomodulation by catecholamine-primed bacteria

It has been known for a long time that the incidence and persistence of Salmonella infections is
enhanced by stress (Miraglia and Berry, 1962; Previte et al., 1973). While this observation has
long been attributed to a stress hormone-related impairment of immune competence, a further
dimension of stress hormone action was discovered around the turn of the millennium. It was
demonstrated that catecholamines can also be sensed by many microorganisms and their
perception is answered by enhancement of pathogenic properties (Lyte et al., 1996; Lyte and
Ernst, 1992). Salmonella Typhimurium also responds to CAs with increased growth and
motility, which is mediated by both direct sensing of NA via QseC and the use of CAs as
siderophores for iron acquisition (Bailey et al., 1999; Bearson and Bearson, 2008; Moreira et
al., 2010; Pullinger et al., 2010). The present thesis now added a third dimension to this
interkingdom cross-talk by demonstrating that S. Typhimurium grown in the presence of CAs
can even inhibit host immune functionality (MANUSCRIPT I11). Upon addition of supernatants
of these bacterial cultures to porcine PBMC, a decrease of lymphocyte proliferation and
numbers of TNFa producers was observed. The hampered TNFa production affected all
investigated subsets, involving both cells of innate and adaptive immunity. It can therefore be
assumed that important functions for an effective infection control, such as antigen presentation
by DCs, monocytes and B cells and Tw cell help, connecting innate and adaptive immunity, as
well as killing of infected cells by CTLs and NK cells are weakened by CA-treated Salmonella
bacteria. The next step is now to identify the underlying mechanisms of this phenomenon. It
was demonstrated in the present study that the suppressive effects were not caused by the CAs
themselves, which remained in the supernatants at high concentrations after bacterial culture.
Contrarily, the effects of the supernatants from CA-cultured Salmonella were directed in an
opposite direction to those exerted by CAs under the same conditions (MANUSCRIPT | + I11). It
was further investigated whether the ADR oxidation product adrenochrome or bacterial
conversion thereof might explain the findings. AC formation can be promoted by bacterial
superoxide production and supports bacterial growth (Halang et al., 2015; Toulouse et al.,
2019). Though it was already known that AC has an impact on mammalian cells by binding to
adrenergic receptors (Yates et al., 1980), the present thesis found mild stimulating effects on
porcine immune cells and could thus disqualify it as a possible immunosuppressing substance

produced by CA-treated Salmonella.
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At this point, it can only be speculated as to what mechanisms may cause these
immunosuppressive effects of CA-primed S. Typhimurium. Possible candidates may be
immune modulating bacterial communication molecules like AHLs and Als (Freestone et al.,
1999; Pritchard et al., 2005; Ritchie et al., 2005; Sperandio et al., 2003; Telford et al., 1998;
Walters et al., 2006). They have been identified in microbiological studies independently of CA
sensing but an enhancement of their production upon CA perception is conceivable. As
discussed in MANUSCRIPT Il1, the effect of Als are presumably different to those observed in
the present thesis, but further studies are needed to disqualify them or prove this assumption
wrong. The actions of AHLSs, on the other hand, very much resemble those described here for
supernatants from CA-treated Salmonella cultures, but based on current knowledge, these
molecules are produced by many other gram-negative bacteria but not Salmonella (Kendall and
Sperandio, 2014). For E. coli, it was found that it converts NA into 3,4-dihydroxymandelic acid
(DHMA), which acts as a chemoattractant and promotes virulence factor expression and
attachment to epithelia via QseC (Sule et al., 2017). Future studies may investigate whether
Salmonella also produces DHMA and if this molecule has immunosuppressive properties.
Another candidate molecule might be haemolysin E, which was found in S. Typhi after
exposure to NA and ADR and its release could be inhibited by the f-AR blocker propranolol
(Karavolos et al., 2011). Haemolysins serve the purpose of releasing iron from erythrocytes but
also leukocytes by inducing pores in their cell membranes (Sritharan, 2006). The observed
reduction of lymphocyte proliferation by supernatants of CA-treated bacteria in the present
thesis might thus also be caused by leukocyte cell death if this molecule is produced by S.

Typhimurium, too.

A proteome analysis of CA-treated V. cholerae revealed altered abundances of many proteins
(Toulouse et al., 2019). Especially the increase of one protein, which is not characterised until
now but probably mediates the release of other substances, may be of interest if it is also
produced by S. Typhimurium. Future proteome analyses and liquid chromatography-mass
spectrometry investigations regarding the supernatants of Salmonella grown with ADR or NA

supplementation may help finding the proposed immunomodulating substances.

3.2 Implications for porcine health and animal welfare

The present thesis gives a detailed description of alterations in porcine blood immune cell

numbers combined with innate and adaptive functional parameters under the influence of a
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single stress hormone. It thus serves a dual purpose: first, it adds valuable information on the
comparability of pigs and humans in the field of psychoneuroimmunology and strengthens the
role of domestic pigs as a human relevant model. Second, the results create a solid base for a
better understanding of porcine immunomodulations by GCs and CAs in stress situations and
the associated different coping strategies and have the potential to improve animal welfare and
health. An intact immune system is important to maintain healthy and productive animals and
to reduce the risk of infectious diseases (Colditz, 2002). Though especially chronic stress is
generally known to enhance the risk of infections, this phenomenon is not fully understood yet
and it is important to have a closer look at the underlying hormonal mechanisms and the
interplay of immune cells and bacteria. While a short-term adaptation of the immune system to
stress is biologically useful, especially GCs have the potential to impair immune competence if
plasma levels are elevated chronically. In the present thesis, most investigated immune
functions were inhibited both in vitro and in vivo and the numbers of important specialised
adaptive immune cells were drastically decreased. Even after cessation of cortisol infusion, the
numbers of NK cells, DCs, B cells and antigen-experienced Tn cells were reduced, implying a
possible longer-lasting effect on the important presentation of foreign antigens by innate
immune cells, Tw cell mediation and amplification of the message and effective subsequent B
cell activation. Also, as it was shown in earlier studies after ACTH administration (Salak-
Johnson et al., 1996), the killing of infected cells by NK cells may be impaired and even more
so if their numbers are decreased. To prevent these negative effects, pig husbandry systems
should be designed to reduce stressors accompanied by chronic GC elevation, like housing in
gestation crates (Grin et al., 2013; Grln et al., 2014) or repeated mixing of unfamiliar pigs
(Deguchi and Akuzawa, 1998).

While GC administration had no effect on the degradation of circulating total IgG and IgM in
the present project, it is known that they impair primary and secondary immune response to
novel antigens (Cohen et al., 2001; Fleshner, 2000). It is therefore important to optimize
management practices and handling of the animals to prevent elevated cortisol concentrations
during vaccinations. Also, since cortisol concentrations in pigs show a diurnal peak in the
morning (Ruis et al., 1997) this might not be the best time of day to carry out vaccinations and
possibly other medical treatments. In human patients, surgery in the morning with elevated

plasma cortisol levels is associated with a slower recovery and increased levels of
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proinflammatory cytokines compared to surgery in the afternoon where cortisol levels are low
(Kwon et al., 2019).

Catecholamines, on the other hand, exerted some interesting immunoenhancing effects on pigs,
with increased lymphocyte proliferation (MANUSCRIPT I) and phagocytic function of both
monocytes and neutrophils (MANUSCRIPT I1). Also, the numbers of some adaptive immune cells
were enhanced, especially after 24h ADR treatment (MANUSCRIPT Il). This is in accordance
with previous studies that found mostly beneficial effects of short-term stress and especially for
CAs (Dhabhar, 2018). For example, it was demonstrated in other species that enhanced plasma
CA concentrations can promote memory formation after vaccination (Dhabhar and
Viswanathan, 2005). In practical pig husbandry, this knowledge may also be used to improve
the efficiency of vaccinations. For example, CAs could be administered simultaneously with
the vaccine or the timing of vaccinations could be adjusted to the natural diurnal peak of
endogenous CAs in pigs, which appears to occur around noon and thus later than the cortisol
peak in the morning (Hay et al., 2000). Furthermore, it was shown in human surgical patients,
that a preoperative enhancement of plasma CAs has beneficial effects on wound healing after
the operation through the adaptive redistribution of immune cells (Rosenberger et al., 2009).
On the other hand, CAs also hamper NK cell activity and resistance to tumour metastases which
is why B-AR antagonists are administered before tumour surgery (Ben-Eliyahu et al., 2000;
Neeman et al., 2012). These findings might also be useful for surgical procedures in pigs, for
example by applying CAs before the intervention. However, since CAs suppress NK cell
activity, they should only be given in routine surgeries in young, healthy pigs, like

cryptorchidectomy or umbilical hernia repair.

Furthermore, chronic SAM axis activation caused by management practices or housing
conditions should be avoided, as this thesis provided indications for a detrimental effect on the
defence against S. Typhimurium. The increased incidence of primary Salmonella infections and
the recrudescence of latent asymptomatic infections remains to be fully understood and is
subject of ongoing research efforts. Modulation of intestinal mucus production and peristaltic
motility, immunomodulation by GCs and bacterial CA sensing have been found to contribute
to the pathology (Berends et al., 1996; He et al., 2019; Konturek et al., 2011; Lyte et al., 2011,
Silva-Herzog et al., 2015; Stapels et al., 2018; VVerbrugghe et al., 2011; Verbrugghe et al., 2012;
Verbrugghe et al., 2016).

The present thesis now added a new piece to this puzzle and may help tackle porcine and human

salmonellosis as well as zoonotic transmission. The prevention of chronic stress, especially in
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conjunction with repeated hierarchical fights, might not only contribute to a more potent
immune response to Salmonella but also prevent CA-induced enhancement of S. Typhimurium
pathogenicity and immunosuppression by CA-primed bacteria. This may even help to reduce
the usage of antibiotics in pig husbandry as it is strived for in the endeavour to fight the

development of antibiotic resistance (Laxminarayan et al., 2013; van Boeckel et al., 2015).

3.3 Suggestions for future research

While this project was able to present many new insights into the interplay of stress hormones,
the porcine immune system and bacteria, it also raised new research questions that may be
subject to future investigations. The numbers of blood immune cell subsets during GC or CA
infusion were documented on a high level of detail but the origin of increased cell types as well
as the fate of decreasing subsets remain unknown. Studies with labelled immune cells and
histologic and flow cytometric analysis of lymph nodes, spleen, lung and bone marrow will
give a detailed picture of underlying trafficking processes and homing sites. Especially the lung
might be a tissue of interest to establish the pig as a model for asthma. It was shown that
neutrophil asthma in humans is promoted by GCs (Saffar et al., 2011) and that the numbers of
neutrophils in airway tissue are increased (Nguyen et al., 2005). Tracking of neutrophil
migration in stress hormone treated pigs will show if this observation applies also to this
species. Furthermore, studies with the same experimental setting but with multiple blood
samplings during the first two hours would be of interest to validate if pigs like humans show
an initial increase of blood lymphocyte numbers during CA treatment (Dimitrov et al., 2010;
van Tits et al., 1990) to further verify the similarities between pigs and humans regarding

immune cell trafficking.

The present work delivered valuable information about the isolated immune effects of ADR
and NA, which is also interesting regarding the use of CAs in other research fields. The two
CAs are often applied separately; for example ADR is used for haemostasis (Cartotto et al.,
2000; Gacto et al., 2009) or resuscitation after cardiac arrest (Jacobs et al., 2011; Mauch et al.,
2014) and NA is often applied via continuous infusion during surgery to counter the
anaesthesia-induced drop of blood pressure (Hiltebrand et al., 2011; Regueira et al., 2008). The
data presented in MANUSCRIPT Il deliver a new perspective for possible side effects of such

routine treatments on the immune system. However, in a natural stress situation, the
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enhancement of only one of these CAs is rare and in fight-or-flight situations as well as in
proactively coping animals, usually both ADR and NA are released (de Boer et al., 1990;
Koolhaas et al., 1999). Therefore, follow-up experiments with pigs receiving both CAs via
intravenous infusion or even all three stress hormones simultaneously will be of interest to

simulate different biological stress situations.

Another important issue that should be explored in the future is the number and distribution of
adrenergic receptors on the different porcine immune cell subsets. It is known from other
species that there can be big differences, resulting in disparate effects of catecholamines on
different immune cell types (Sanders et al., 2001). While the expression of the mostly
suppressive f2-AR is most widely distributed among immune cells, the B1-, al- and 02-ARS
with predominantly stimulating effects can also be found (Cosentino et al., 2007; Jetschmann
et al., 1997; Kavelaars, 2002). Beside the time of CA binding in relation to immune cell
activation, the number and ratio of different ARs on a cell has a substantial impact on the
resulting CA effect (Karaszewski et al., 1990; Kin and Sanders, 2006). Ligand binding studies
to determine the AR distribution on porcine immune cell subsets would be of great interest to
better explain the findings of the present thesis. However, due to the lack of pig-specific tools,
this is not possible to date but investigations on the transcriptional level might give a first
impression (Bacou et al., 2017a). Another possibility to address the differential effects of a-
and B-ARs would be infusion studies with ADR or NA administration and the concurrent
application of specific a- or B-adrenergic antagonists, like propranolol, butoxamine or
phentolamine (Arai et al., 2013; Engler et al., 2004).

To investigate the impact of increased CA or GC plasma levels on the efficiency of vaccines,
which is of high practical relevance in pig husbandry, follow-up studies should be conducted
with either primary or secondary vaccination carried out during the stress hormone infusion
phase. Since fixation of the pigs via nose share often is necessary for intramuscular injection
but is accompanied by CA release also in non-CA-treated pigs, oral vaccination might offer an

alternative option.

Moreover, while castrated males have many advantages as experimental animals regarding the
absence of confounding effects of sex hormones and the easy handling, it would be of interest
to investigate GC and CA effects in entire males and sows for a better comparability to humans.
Generally, androgens suppress T- and B- cell responses, while oestrogens only affect T cells.

Furthermore, the GC response to stress is inhibited by androgens (Da Silva, 1999).
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More research should also be conducted in order to further characterise the interplay of porcine
immune cells and Salmonella under the influence of enhanced CA concentrations. In addition
to the abovementioned further characterisation of the composition of the supernatants obtained
from S. Typhimurium cultured with CAs, in vivo studies investigating the interkingdom
communication in a natural setting will be of high value. Therefore, combining the intravenous
infusion of CAs at doses high enough to cross the intestinal border with an intestinal loop
technique (Boutrup et al., 2010) may bring interesting insights regarding the actual

consequences of the cross-talk with intraepithelial and lamina propria lymphocytes.

3.4 Conclusion

The present thesis investigated the isolated effects of cortisol, adrenaline and noradrenaline on
immune cell numbers and function in the domestic pig and thus contributed to closing major
knowledge gaps. The effects of physiologically elevated cortisol concentrations on leukocyte
subsets in the blood have been described in unprecedented detail and for the first time ever have
the impacts of separately applied catecholamines been demonstrated. By validating its high
similarity to humans also in the field of stress physiology, the present project established the
pig as a model in psychoneuroimmunology research. The obtained results furthermore have the
potential to increase animal welfare and health by demonstrating potential risks of
immunosuppression by stress. For the first time in any species, this work provided evidence for
a modulation of mammalian immune functionality by catecholamine-exposed bacteria, thus
providing new explanatory approaches for a stress-induced increased susceptibility to bacterial

infections.
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4 SUMMARY

Stress is a regular feature of human and animal life, characterised by the perception of a
potentially harmful stimulus and the subsequent physiologic response to such a stressor. The
two main endocrine systems involved in the regulation of this reaction are the hypothalamus-
pituitary-adrenal (HPA) axis, leading to the synthesis of glucocorticoids like cortisol or
corticosterone, and the sympathetic-adrenal-medullary (SAM) axis, whose activation is
associated with the release of the catecholamines adrenaline and noradrenaline. These stress
hormones modulate the function of many cells and tissues including the immune system.
Although pigs (Sus scrofa domestica) in modern husbandry systems face many potential
stressors during the whole production cycle, the consequences of elevated plasma stress
hormone levels on porcine immune cell numbers and functionality are insufficiently resolved.
While some research on glucocorticoid effects has been conducted, data on many parameters
are still missing and so far, catecholamines have not yet been studied systematically in the pig.
It is known that stress can negatively affect pigs’ resistance to infections like salmonellosis, but
the underlying mechanisms are still subject to intense research efforts, with new perspectives

arising since the discovery of interkingdom-signalling and microbial catecholamine perception.

The aim of the present doctoral thesis was to determine the distinct effects of cortisol, adrenaline
and noradrenaline on porcine immune cell functionality and the blood numbers of different
leukocyte subsets. Furthermore, the interplay of porcine immune cells and Salmonella
Typhimurium under the influence of catecholamines was investigated. Adult male castrated
pigs were surgically equipped with indwelling catheters to enable stress-free blood collection

and intravenous application of hormones.

In an initial experiment, the effects of in vitro stress hormone treatment on lymphocyte
proliferation and the production of the proinflammatory cytokine TNFa were described.
Cortisol reduced both proliferation and number of TNFa producers. Both catecholamines
caused an increased lymphocyte proliferation at low concentrations whereas noradrenaline
drastically decreased proliferation at high concentrations. While noradrenaline had no impact
on TNFa producers, they were reduced in yo T cells and monocytes upon adrenaline addition.

Overall, the effects were comparable to humans in terms of direction and dose but there were
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some disparities regarding adrenaline that require further investigations regarding the molecular

mechanisms.

In the second part of the project, the impact of in vivo stress hormone administration on immune
cell numbers and functionality was examined by infusion for 48h. Cortisol and noradrenaline
led to a decreased lymphocyte proliferation but to a variable extent and all three hormones
promoted phagocytic function of innate immune cells. Cortisol caused a marked increase of
neutrophil numbers while almost all other cell types declined strongly. For most cell types,
noradrenaline exerted similar effects but solely after 2h whereas cortisol-induced alterations
lasted the whole treatment period. Adrenaline effects were mostly reduced to CD8" T cells,
which were reduced at first but increased after 24h. A sharp peak in NK cell numbers after 2h
adrenaline infusion is particularly noteworthy and resembles findings from rodent and human
studies. Overall, both hormone groups led to a shift from adaptive to innate immunity,
underpinning the picture of a promotion of fast and unspecific defence systems to respond to

threats in stressful situations.

In a third study, S. Typhimurium was grown in the presence of catecholamines to determine the
effects of supernatants from these cultures on porcine immune cell function. Both lymphocyte
proliferation and TNFa production were hampered substantially, as opposed to the findings on
catecholamine effects in the first experiment. It was demonstrated that these effects were not
caused by catecholamines or their oxidation products and the formation of a so-far unknown
immunosuppressive substance by catecholamine-primed bacteria was assumed. The results
contribute to a better understanding of the increased susceptibility to infection in stressed

animals and reveal a new dimension of cross-species communication.

Finally, the results of the present thesis were discussed regarding their comparability to studies
in humans and rodents and previous stress experiments in pigs. Furthermore, the effects of acute
and chronic stress as well as different coping styles that are characterised by a SAM or HPA
predominance on animal welfare and pig health were discussed, based on the endocrine
mechanisms investigated in the present thesis. Possible implications of enhanced glucocorticoid
and catecholamine levels for practical pig husbandry were given. Lastly, suggestions for future
research to further elucidate the impact of stress hormones on the porcine immune system and

the interplay with pathogenic bacteria were made.

In summary, the present thesis presents many new findings and details regarding the modulation

of porcine immune cell numbers and functionality by cortisol. For the first time, adrenaline and
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noradrenaline effects on the immune system of domestic pigs were investigated separately and
systematically, thus filling a major research gap. Furthermore, a new explanatory approach for
stress-induced salmonellosis based on interkingdom-signalling was discovered. This
dissertation therefore contributes to a better understanding of stress-induced
immunomodulation in the pig as an important livestock species and also strengthens its role as

a suitable large animal model in psychoneuroimmunology research.
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5 ZUSAMMENFASSUNG

Stress ist ein regelméRiger Bestandteil des Lebens von Menschen und Tieren, welcher durch
die Wahrnehmung eines potenziell schadlichen Reizes und die anschlielende physiologische
Reaktion auf einen solchen Stressor gekennzeichnet ist. Die beiden wichtigsten endokrinen
Systeme, die an der Steuerung dieser Stressreaktion beteiligt sind, sind die Hypothalamus-
Hypophysen-Nebennierenrinden-Achse (HPA), die zur Synthese von Glukokortikoiden wie
Cortisol oder Corticosteron fuihrt, und die Sympathikus-Nebennierenmark-Achse (SAM), deren
Aktivierung mit der Freisetzung der Katecholamine Adrenalin und Noradrenalin verbunden ist.
Diese Stresshormone modulieren die Funktion vieler Zellen und Gewebe einschlie3lich des
Immunsystems. Obwohl Schweine (Sus scrofa domestica) in modernen Haltungssystemen
wéhrend des gesamten Produktionszyklus vielen potenziellen Stressoren ausgesetzt sind, sind
die Folgen erhohter Plasma-Stresshormonspiegel auf die Anzahl und Funktionalitat der
Immunzellen des Schweins nicht ausreichend geklart. Zwar wurden einige Untersuchungen zu
den Effekten von Glukokortikoiden durchgefihrt, jedoch fehlen noch immer Daten zu vielen
Parametern, und bis heute wurden Katecholamine beim Schwein noch nicht systematisch
untersucht. Es ist bekannt, dass Stress die Widerstandsfahigkeit von Schweinen gegen
Infektionen wie die Salmonellose negativ beeinflussen kann, aber die zugrundeliegenden
Mechanismen sind noch immer Gegenstand intensiver Forschungsbemiihungen. Dabei haben
sich seit der Entdeckung des ,Interkingdom-Signalling“ und der Wahrnehmung von

Katecholaminen durch Mikroorganismen neue Perspektiven ergeben.

Ziel der vorliegenden Doktorarbeit war es, die unterschiedlichen Effekte von Cortisol,
Adrenalin und Noradrenalin auf die Funktionalitdit von Schweineimmunzellen und die
Zellzahlen verschiedener Leukozyten-Subpopulationen im Blut zu bestimmen. Dariiber hinaus
wurde das Zusammenspiel von Schweineimmunzellen und Salmonella Typhimurium unter dem
Einfluss von Katecholaminen untersucht. Dafir wurden adulte Kastraten chirurgisch mit
Venenverweilkathetern ausgestattet, um eine stressfreie Blutentnahme sowie intravendse

Hormonapplikation zu erméglichen.

In einem ersten Experiment wurden die Auswirkungen einer in vitro-Zugabe von
Stresshormonen auf die  Lymphozytenproliferation und die Produktion des
proinflammatorischen Zytokins TNFa beschrieben. Cortisol fihrte zu einer Reduktion sowohl
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der Proliferation als auch der Anzahl von TNFa-Produzenten. Beide Katecholamine bewirkten
eine erhohte Lymphozytenproliferation bei niedrigen Konzentrationen, wohingegen
Noradrenalin die Proliferation bei hohen Konzentrationen drastisch verringerte. Wéhrend
Noradrenalin keinen Einfluss auf TNFa-produzierende Zellen hatte, waren sie nach Zugabe von
Adrenalin unter den vo-T-Zellen und Monozyten reduziert. Insgesamt waren die
Hormoneffekte hinsichtlich Richtung und Dosis mit den beim Menschen beschriebenen
vergleichbar, aber es gab einige Unterschiede bei Adrenalin, die weitere Untersuchungen

hinsichtlich der zugrundeliegenden molekularen Mechanismen erforderlich machen.

Im zweiten Teil des Projekts wurden die Auswirkungen einer in vivo-Gabe von Stresshormonen
auf die Anzahl und Funktionalitdt von Immunzellen mittels 48-stiindiger Infusion untersucht.
Cortisol und Noradrenalin fiihrten zu einer verminderten Lymphozytenproliferation, jedoch in
unterschiedlichem AusmaB, und alle drei Hormone férderten die Phagozytosefunktion
angeborener Immunzellen. Cortisol verursachte einen deutlichen Anstieg der Neutrophilenzahl,
wohingegen fast alle anderen Zelltypen stark zuruckgingen. Bei den meisten Zelltypen ubte
Noradrenalin &hnliche Effekte aus, jedoch nur nach 2 Stunden, wohingegen die Cortisol-
induzierten Veranderungen die gesamte Behandlungsdauer anhielten. Die Adrenalin-Effekte
waren groftenteils auf CD8-negative T-Zellen begrenzt, deren Anzahl zunéchst reduziert, aber
nach 24 Stunden erhoht war. Ein starker Anstieg der NK-Zellzahl nach 2-stiindiger Adrenalin-
Infusion ist besonders erwédhnenswert und spiegelt Ergebnisse aus Nager- und Humanstudien
wider. Insgesamt betrachtet flihrten beide Hormongruppen zu einer Verschiebung von adaptiver
zu angeborener Immunitéat, wodurch das Bild einer Foérderung schneller und unspezifischer

Abwehrsysteme zur Reaktion auf Gefahren in Stresssituationen untermauert wird.

In einer dritten Studie wurden S. Typhimurium-Kulturen unter Zugabe von Katecholaminen
angelegt, um die Wirkung von Uberstanden aus diesen Kulturen auf die Funktion von
Schweineimmunzellen zu bestimmen. Sowohl die Lymphozytenproliferation als auch die
TNFa-Produktion waren — im Gegensatz zu den Erkenntnissen Uber die Katecholamin-
wirkungen aus dem ersten Experiment — deutlich verringert. Es konnte gezeigt werden, dass
diese Effekte nicht durch Katecholamine oder deren Oxidationsprodukte verursacht wurden,
sodass die Bildung einer bislang unbekannten immunsuppressiven Substanz durch
Katecholamin-behandelte Bakterien angenommen wird. Die Ergebnisse tragen zu einem
besseren Verstandnis der erhdhten Infektionsanfalligkeit gestresster Tiere bei und zeigen eine

neue Dimension der artiibergreifenden Kommunikation auf.
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Schliel3lich wurden die Ergebnisse der vorliegenden Arbeit hinsichtlich ihrer Vergleichbarkeit
mit Studien an Menschen und Nagern sowie friilheren Stressexperimenten an Schweinen
diskutiert. Dariiber hinaus wurden die Auswirkungen von akutem und chronischem Stress
sowie unterschiedlicher Coping-Strategien, die sich durch eine SAM- oder HPA-Dominanz
auszeichnen, auf das Tierwohl und die Schweinegesundheit auf Grundlage der in der
vorliegenden Arbeit untersuchten endokrinen Mechanismen diskutiert. Es wurden mogliche
Auswirkungen von erhthten Glukokortikoid- und Katecholaminwerten auf die praktische
Schweinehaltung  aufgezeigt. ~ Schlieflich ~ wurden  Vorschlage fur  zukinftige
Forschungsvorhaben gemacht, um den Einfluss von Stresshormonen auf das Immunsystem von

Schweinen und die Wechselwirkungen mit pathogenen Bakterien weiter aufzuklaren.

Zusammenfassend présentiert die vorliegende Arbeit viele neue Erkenntnisse und Details zur
Modulation der Anzahl und Funktionalitdt von Immunzellen des Schweins durch Cortisol.
Erstmals wurden die Effekte von Adrenalin und Noradrenalin auf das Immunsystem von
Hausschweinen separat und systematisch untersucht und damit eine groRe Forschungsliicke
geschlossen. Dar(iber hinaus wurde basierend auf dem Prinzip des Interkingdom-Signalling ein
neuer Erklarungsansatz fiir die stressinduzierte Salmonellose entdeckt. Diese Dissertation tragt
somit zu einem besseren Verstandnis der stressbedingten Immunmodulation beim Schwein als
wichtiges Nutztier bei und stérkt auch dessen Rolle als geeignetes GrofRtiermodell auf dem

Gebiet der Psychoneuroimmunologie.
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