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Summary

Primary bovine mammary epithelial cells (pbbMEC) are increasingly used as primary cell
culture model to investigate the molecular mechanisms of the innate immune response in
the bovine mammary gland. High producing dairy cows are often challenged with mastitis
pathogens like Staphylococcus aureus or Escherichia coli. As ppMEC are lining the alveoli
of the bovine udder, they contribute to the blood-mammary gland barrier and are already
known to be able to recognize pathogens and furthermore, induce specific signaling
pathways that result in the production and secretion of chemotactic molecules. However, in
order to elucidate molecular mechanisms that are responsible for the functionality of the
innate immune response cascade, it is important to employ advanced cell culture models

that better guarantee the transferability of in vitro data.

Therefore, our aim was to establish an advanced, more in vivo-like cell culture model that
enables a more native behavior of ppMEC in vitro. ppMEC extracted from milk of healthy
Brown Swiss cows were non-invasively extracted and used for the generation of a functional
3D cell culture model. The extracellular matrix was mimicked using the extracellular matrix-
like scaffold Matrigel® and the cell culture medium was further supplemented with lactogenic
hormones, like prolactin and hydrocortisone, and the essential amino acid L-lysine. The 3D
cell culture model was further used to conduct two infection studies with ppMEC obtained
from Brown Swiss cows. The aim of the first study was to elucidate a set of special molecular
biomarkers that might-play a key role in the promotion of innate immunity against gram-
positive bacteria. Furthermore, those molecular biomarkers should be used to distinguish
between high and low responder dairy cows. The term high and low responder cow, hereby
refers to the ability of the animal to produce and secrete high specific immunoglobulin
concentrations into the milk. The human pathogen Clostridium difficile is of great interest in
case of the production of immune milk that can be applied to protect patients from the
recurrent Clostridium difficile associated diarrhea. Therefore, this gram-positive pathogen,
was used for the immune treatment in vitro and for the preceding immunization of the cows.
Within the second immune study, the effect of the metabolite beta-hydroxybutyrate (BHBA)
on the innate immune response of ppbMEC challenged with the gram-negative mastitis
pathogen Escherichia coli was investigated. Elevated levels of BHBA normally accumulate
in the early phase of lactation, in the case of negative energy balance, and often result in

the metabolic disorder ketosis.
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We successfully established a 3D cell culture of pbMEC isolated from fresh milk and showed
that ppMEC cultured in 3D cell culture showed a polarized phenotype and were hence able
to form alveolar-like structures in vitro. Furthermore, the cultivation of ppMEC resulted in an
enhanced production and secretion of milk and whey proteins. Changes in the gene
expression pattern of genes coding for milk proteins and for components of the JAK-STAT
and mTOR pathway, were compared between pbMEC cultured in 3D and 2D cell culture.
The enhanced functionality of the cells cultured in 3D cell culture was verified by RT-gPCR
and LC-MS/MS measurements. Furthermore, within the first infection study, the gene
expression profiles of 61 selected immune relevant genes were compared between the high
and low responder animals using a RT-qgPCR approach (BioMark™ HD 96x96, Fluidigm).
Results of this study indicated, that especially the pro-inflammatory cytokines are suitable
to serve as molecular biomarkers to select for high responder animals. In the second
infection study we were able to determine a declined innate immune response when pbMEC
were co-stimulated with Escherichia coli and BHBA in vitro. The immunosuppressive effect
of BHBA on the innate immune response of ppMEC was hereby evaluated using RT-qPCR

and ELISA measurements.

Based on these results we concluded that a functional 3D cell culture model of ppMEC was
successfully established, which can be further used for immunological and metabolic
studies. We are convinced that this 3D cell culture model can be used in future studies to
obtain more faithful, valid and representative data, as this cell culture approach represents

a more in-vivo like model of the functional bovine mammary gland.
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Zusammenfassung

Zur Erforschung der molekularen Mechanismen der innaten Immunantwort im bovinen Euter
werden vor allem primére bovine Euterepithelzellen (pbMEC) verwendet. Da pbMEC die
Alveolen des bovinen Euters auskleiden, stellen sie die erste zellulare Abwehr gegen
mdgliche Pathogene dar und bilden somit die Blut-Euter-Schranke. In friiheren Studien
wurde bereits gezeigt, dass pbMEC Pathogene erkennen und spezifische
Signaltransduktionswege induzieren konnen, die zur Produktion und Sekretion von
chemotaktischen Molekulen fuhren. Es ist allerdings von grol3er Bedeutung abgewandelte
Zellkulturmodelle, fir die Erforschung zugrundeliegender molekular-physiologischer
Mechanismen der innaten Immunantwort, zu etablieren. Dies konnte die Ubertragbarkeit der

Daten, die in einem in vitro Modell generiert wurden, erleichtern.

Unser Ziel war es ein funktionales 3D Zellkulturmodell der pbMEC zu generieren, welches
versucht die Umgebung der ppMEC mdglichst realitatsgetreu nachzuahmen. Hierflr wurden
pbMEC aus der Milch von Brown Swiss Kihen isoliert und auf dem, die extrazellulare Matrix
nachahmendem Geriist, Matrigel®, kultiviert. Den unterschiedlichen Zellkulturmedien-
Kompositionen, wurden zudem noch die laktogenen Hormone Prolaktin und Hydrokortison
und die essentielle Aminosaure L-Lysin zugesetzt. Basierend auf diesem funktionalen 3D
Zellkultur Ansatz wurden zwei Infektionsstudien an isolierten ppbMEC durchgefiihrt. Im
Rahmen der ersten Studie sollten potentielle molekulare Biomarker gefunden werden, die
eine Schlusselrolle in der innaten Immunantwort gegen gram-positive Bakterien,
einnehmen. Zudem sollten die molekularen Biomarker dazu beitragen, laktierende Kihe in
,High Responder® und ,Low Responder® zu unterteilen. Die Begriffe High und Low
Responder definieren sich hierbei durch die Menge an spezifischem Immunglobulin A, das
die Kuh durch eine vorangegangene Immunisierung produzieren und in die Milch abgeben
kann. Im Rahmen dieser ersten Immunstudie wurde der gram-positive Erreger Clostridium
difficile sowohl fur die Immunisierung der Tiere als auch fir die in vitro Immunstudien
verwendet. Der gram-positive Erreger ist von grol3em Interesse fur die Produktion von
Immun-Milch, die zur Pravention von Clostridium difficile assoziierten
Durchfallerkrankungen eingesetzt werden soll. Die zweite Studie befasste sich mit den
Auswirkungen des Ketonkdrpers Beta-Hydroxybutyrat (BHBA) auf die innate Immunantwort
der pbMEC, welche mit dem gram-negativen Mastitis-Erreger Escherichia coli induziert
wurden. Erhéhte BHBA Konzentrationen akkumulieren vor allem in der fruihen Phase der
Laktation und fuhren im Falle einer negativen Energiebilanz zur Entstehung der

Stoffwechselerkrankung Ketose
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Wir konnten erfolgreich ein 3D Zellkulturmodell von, aus frischer Milch isolierten, ppMEC
etablieren und zeigen, dass pbMEC, die in 3D Zellkultur kultiviert wurden, einen polarisierten
Phanotyp aufwiesen und dadurch in der Lage waren Alveolen-artige Strukturen in vitro zu
bilden. Zudem resultierte die Kultivierung der pbMEC in 3D Zellkultur in einer verstarkten
Produktion und Sekretion von Milch- und Molkenproteinen. Die Anderungen im
Genexpressionsprofil von Genen, die fur Milchproteine, aber auch fur Komponenten des
JAK-STAT und mTOR Signaltransduktionswegs kodierten, wurden zwischen pbMEC, die in
3D und 2D Zellkultur kultiviert wurden, verglichen. Die verbesserte Funktionalitat der ppMEC
in 3D Zellkultur, konnte durch RT-qPCR Experimente und LC-MS/MS Messungen
nachgewiesen werden. In der ersten immunologischen Studie, die mit Hilfe des 3D
Zellkulturmodells durchgefiihrt wurde, konnten durch ein RT-gPCR Verfahren (BioMark™
HD 96x96, Fluidigm), 61 Expressionsprofile von ausgewahlten Immungenen zwischen den
High und Low Responder Tieren abgeglichen werden. Es konnte gezeigt werden, dass sich
vor allem die pro-inflammatorischen Zytokine als potentielle molekulare Biomarker eignen.
Im Rahmen der zweiten immunologischen Studie konnte mit Hilfe von RT-gPCR und ELISA
Messungen ein immunsuppresiver Effekt durch die Co-Stimulation der pbMEC mit

Escherichia coli und BHBA gezeigt werden.

Basierend auf diesen Ergebnissen konnte die erfolgreiche Entwicklung eines funktionalen
3D Zellkulturmodells der pbMEC beschrieben werden. Dieses 3D Zellkulturmodell, das die
in vivo Situation der ppMEC besser reprasentiert, erscheint sehr vielversprechend fur die

zukunftige Generierung von vertrauensvollen und in vivo nahen Forschungsergebnissen.

1-xi



1 Introduction

1.1 Common metabolic disorders and infectious diseases of dairy

COWS

Improved feeding conditions and the application of modern breeding techniques, resulted in a
constantly increasing milk yield of dairy cows. However, high producing dairy cows, often
experience metabolic disorders and/or mammary gland infections, not only affecting the animal’'s
welfare, but also milk yield and quality and hence profitability of the dairy cow [1]. As the milk
production rapidly increases after calving, during the first weeks of lactation, high producing dairy
cows often experience a state of negative energy balance (NEB), as they are not able to produce
enough energy for maintenance, growth and milk production through feed intake and digestion
[2,3]. As not enough glucose is available the body fat reserves of the animal are mobilized,
resulting in the increase of non-esterified fatty acids (NEFA). Those NEFA are further metabolized
in order to produce acetyl-CoA via beta-oxidation in the liver. In case of NEB, gluconeogenesis
takes place in the liver, wherefore oxaloacetate that is known to normally be the input substrate of
the tricarboxylic acid cycle (TCA), is required. Therefore, oxaloacetate is not any more available
for the removal of acetyl-CoA via the TCA (Figure 1). Acetyl-CoA hence accumulates and is further
metabolized via ketogenesis to ketone bodies. This leads to increased concentrations of the
ketone bodies, acetoacetate, acetone and BHBA in the blood plasma of ketotic dairy cows, leading
to the development of subclinical (1.4 mM BHBA) or clinical ketosis (2 to 3 mM BHBA) [2-5]. High
producing dairy cows are not only affected by metabolic disorders, but also by inflammatory
diseases of the bovine mammary gland, like mastitis. As a co-occurrence of both diseases has
been detected several times in the past, it is already discussed whether it could be possible that
the metabolic disorder ketosis correlates with an increased risk of clinical mastitis. The disease
mastitis is a quite common disease among dairy cows, as they’re often challenged with the two
major mastitis pathogens Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). Those
pathogens manage, despite of the defense capabilities of the bovine mammary gland, to cross
the teat and blood-mammary gland barrier [6,7]. Depending on the mastitis pathogen, the cows
either endure subclinical (gram-positive pathogens) or clinical mastitis (gram-negative pathogens),
whereby clinical mastitis is defined by acute symptoms of inflammation in the milk collecting cistern
and the teat, by a reduced milk production and an elevated somatic cell count (SCC) [1]. Whereas

subclinical mastitis is only characterized by an elevated SCC and reduced milk yield in the

-1-



absence of typical inflammatory symptoms [1,3]. As mastitis and ketosis are affecting dairy cow
welfare, as well as their profitability, it is of common interest to elucidate underlying mechanisms
responsible for the functionality of the innate immune response of the bovine mammary gland and
how it is influenced by several metabolites [1,8]. So far, the effect of the main ketone body BHBA

on the defense capability of the bovine mammary gland is mainly unknown.

Ketotic cow (NEB)

Mobilization of body fat p Concentration of NEFA ‘I Healthy cow
reserves in blood
l Glucose
Beta-Oxidation in the liver Glycolysis
= NADH = Pyruvate
= Acetyl-CoA = Acetyl-CoA
o}
’ C)l\s,cm Accumulation of Acetyl-CoA Citric acid cycle
3

Acetyl-CoA l

Ketone bodies
o]

/”\ Acetone
o O
/U\/”\ Acetoacetate
OH
OH O .
M B-Hydroxybutyrate Energy generatlon
OH (BHBA)

l

IMastitis susceptibility P

Figure 1: Metabolic pathway of cows in negative energy balance:

In negative energy balance body fat reserves are mobilized resulting in increased plasma concentrations of
non-esterified fatty acids (NEFA). In the liver, acetyl-CoA is formed via the B-oxidation pathway and
accumulates due to an insufficient availability of oxaloacetate for the tricarboxylic acid (TCA) cycle. Instead
of entering the TCA cycle (healthy cow), acetyl-CoA is metabolized via ketogenesis [4] and the ketone
bodies acetone, acetoacetate and BHBA are built.



1.2 The bovine mammary gland

1.2.1 Milk production and defense mechanisms

The mature, lactating bovine mammary gland is an apocrine gland, consisting of 4 separate
quarters. Each quarter consist of a teat canal associated with ducts and alveoli [9,10]. The alveoli,
the milk producing subunits of the gland are located in the glandular tissue. Milk ducts lead to the
gland cistern, representing the storage place for the milk. The gland cistern leads to the teat cistern
and the teat canal that can be closed between the milkings due to the teat sphincter. The main
task of the bovine mammary gland is milk production to supply the newborn calf with water,
nutrients and immunoglobulins. Additionally, the teat itself functions as defense barrier against
invading mastitis pathogens (Figure 2). Through the teat sphincter, the teat canal is tightly closed
during the milkings and furthermore, the teat canal is lined by keratin that avoids the migration of
pathogens into the teat canal and further contains bactericidal proteins and fatty acids [11-13]. At
the transition of the teat canal to the teat cistern the Rosette of Furstenberg is located, a connective
tissue containing immune cells, like macrophages [10]. The pbMEC which are lining the alveoli
form the first cellular barrier before the pathogen is able to enter the blood circulation [6,7].
Therefore, the ppMEC mainly contribute to the innate immune system of the bovine mammary
gland [14-17].

B Capillary system
o — --._.__\ -_/' — . \ Lymphatic vessels
I.l -){‘- ™ -.I - I- | = |

|I el '- Alveali

e, -

e | 5 Yy | Barrier
{0 ! 'H_..-::;';ﬁi_@ulatlﬁsd’e
‘ S <)
— -~ -y ., o A
R S Ry

"1 ¢ eclandcistern 7/ S

Wy | o L
N I . U — Blood-Mammary Gland /
r
)

Teat cistarmn | | Teat canal
- Keratin
- Teat sphincter

% Rasette of Furstenberg

Millk flow

Figure 2: The bovine mammary gland - structure and defense mechanisms:

(Left) One quarter of the bovine mammary gland is exemplarily shown. Each quarter contains glandular
tissue that is mainly built through the alveolar cells [green box]. The bovine mammary gland further consists
of the gland cistern and the teat cistern where part of the milk is stored between the milking. Each quarter
of the gland owns its particular defense barriers against potential pathogens, like the milk flow, the Rosette
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of Furstenberg and the teat canal that is coated with keratin and can be tightly closed through the teat
sphincter. (Right) The alveoli are lined by primary bovine mammary epithelial cells, the milk producing cells
of the gland, so that a lumen is formed. The mammary epithelial cells are surrounded by contractile
myoepithelial cells, blood capillaries and lymphatic vessels and are therefore known to build the blood-
mammary gland barrier.

1.2.2 Primary bovine mammary epithelial cells

pbMEC are situated on a basal-membrane and are lining the lumen of the alveoli [10]. They are
further surrounded by contractile myoepithelial cells, blood capillaries and lymphatic vessels,
building the blood-mammary gland barrier [6,7] (Figure 2). It has already been proven that ppMEC
are not only responsible for the milk protein production and secretion into the alveolar lumen, but
also for the transepithelial transport of immunoglobulins into the milk [18]. Additionally, they bear
toll-like receptors (TLR) on their cell surface enabling the ppbMEC to recognize invading bacteria
through pathogen associated molecular patterns (PAMP), like lipopolysaccharide (LPS) or
lipoteichoic acid (LTA) [17,19-21].

1.2.2.1 Lactation and induction of milk protein production

In order to induce lactogenesis, the alveolar cells have to proliferate and further differentiate before
the synthesis and secretion of milk constituents can appear [9]. For the synthesis of milk and whey
proteins it is necessary that non-essential and essential amino acids are supplied to the gland by
the bloodstream [22]. Inside the secretory epithelium, the amino acids are then used for the
synthesis of aS1-casein, aS2-casein, B-casein, k-casein and the whey proteins a-lactalbumin and
B-lactoglobulin [22]. The biosynthesis of the proteins is either induced by essential amino acids,
like L-lysine (LYS) or by hormones like prolactin (PRL) [23-26]. Those molecules are able to
induce intracellular signaling cascades, resulting in the activation of nuclear transcription factors
and hence transcriptional initiation of the expression of genes coding for milk proteins [24,27]. As
endocrine factors seems to play an important role in the induction of gene expression, previous
studies with mammary epithelial cell cultures, and also in vivo experiments with rodents, showed
that especially insulin, PRL and hydrocortisone (HC) are required to induce milk protein synthesis
[22]. Besides the primary lactogenic hormone, PRL, that is known to have a positive effect on the
proliferation and differentiation of mammary epithelial cells, as well as on the induction of the JAK-
STAT signaling pathway, leading to the stimulation of milk protein gene expression, the
glucocorticoid HC, is also known to be an essential lactogenic hormone [23,24,27,28]. HC and
PRL are responsible for the differentiation of the alveolar system and they therefore together
synergistically regulate the milk protein gene expression [23,29]. Furthermore, it has been shown

that the essential amino acid LYS, is able to induce the mTOR signaling pathway by activating the
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mitogen-activated protein kinase 1 (MAPK1) [25]. The mammary epithelium bears the prolactin
receptor (PRLR), a member of the cytokine receptor superfamily that associates with the janus
kinase (JAK) family of tyrosine kinases and therefore is able to directly respond to the endocrine
PRL signal (Figure 3). The extracellular recognition of PRL, leads to the activation of JAK2 by
transphosphorylation and hence to the phosphorylation of the PRLR. The phosphorylation of the
PRLR enables the binding of the signal transducer and activator of transcription 5A (STAT5A)
protein via Src homology (SH2) domains. Furthermore, the tyrosine of STAT5A is phosphorylated,
resulting in the dimerization of two STAT5A proteins and the translocation of the dimeric complex
into the nucleus. There, the transcription of the milk protein genes is induced, as it has been shown
that all milk proteins contain at least one binding site for STAT5A [23,27,30]. E74-like factor 5
(ELF5) further enhances the transcriptional activity of STAT5A and therefore also plays an
important role in the expression of milk protein genes as well as in the development of the
mammary gland by the regulation of the terminal differentiation of alveolar cells [31-33]. The
transcripts are then further processed by the translation initiation complex, consisting of the
mammalian target of rapamycin (mTOR) (Figure 3). The mTOR signal transduction acts as a
regulator of protein synthesis on transcriptional and translational level, whereby the inducing
signals originate from essential amino acids, nutrients and mitogens [30]. The cationic amino acid
transporter (CAT1) is mainly responsible for the transport of cationic amino acids, like LYS, into
mammary epithelial cells, resulting in the activation of kinases that phosphorylate and hence
activate mTOR [30]. The activation of mTOR leads to the phosphorylation of the downstream
effector molecules ribosomal protein S6 kinase veta-1 (RPS6KB1) and eukaryotic translation
initiation factor 4E-binding protein 1 (EIF4EBP1). The phosphorylation of EIF4EBP1 induces the
dissociation of eukaryotic initiation factor 4E (elF4E) from the mTOR protein complex. The elF4E
complex in turn associates with other eukaryotic translation initiation factors, so that a complex is
formed that in turn binds to the 40S ribosomal subunit, enabling the formation of the translation
initiation complex. In addition, the activated RPS6KB1 phosphorylates the ribosomal protein S6

promoting the initiation of translation [30,34—36].



(A) mTOR Signaling Pathway (B) JAK-STAT Signaling Pathway

Translation Elonga:iy

Milk Proteins

Figure 3: Schematic description of the JAK-STAT and mTOR signaling pathway:

(A) The mTOR signaling pathway can be induced through several external signals, like essential amino
acids that are recognized by the CAT1 receptor, resulting in a phosphorylation cascade that enables the
formation of the translation initiation complex with the 40S ribosomal subunit (40S rSU) and hence the
protein biosynthesis of milk proteins. (B) The JAK-STAT signaling pathway is induced by the extracellular
recognition of PRL through the PRLR, resulting in the activation of downstream effector molecules by
phosphorylation. Hereby the STAT5A protein is phosphorylated and dimerizes. This transcription factor
complex, which is further activated by ELF5, translocates into the nucleus and activates the transcription of
milk protein genes. The resulting milk protein mMRNAs are then released into the cytoplasm and translated
into milk proteins due to the translation initiation complex of the mTOR pathway.

1.2.2.2 Innate Immunity of the bovine mammary gland — Toll-like receptor pathway

Innate immunity is directly induced upon pathogen recognition. The pathogen is thereby
recognized via PAMP by germline-encoded receptors of the innate immune system [37,38]. For
the recognition of gram-positive and gram-negative pathogens, different TLR are required. Gram-
positive pathogens, like S. aureus, are mainly recognized by TLR1/TLR2 heterodimers, as this
receptor is able to bind LTA, the main cell wall constituent of gram-positive bacteria [39]. By
contrast, gram-negative pathogens, like E. coli, are recognized by TLR4 homodimers that are able
to bind LPS, the main constituent of the outer membrane of gram-negative bacteria, via the co-
factor cluster of differentiation 14 (CD14) [37,39]. TLR4 signal transduction is mediated by co-
factors like CD14, lipopolysaccharide binding protein (LBP) and lymphocyte antigen 96 (LY96).
Both TLR1/TLR2 and TLR4 utilize the myeloid differentiation primary response gene 88 (MYD88)
dependent pathway [37,39]. Upon activation of TLR4 or TLR1/TLR2, the toll/interleukin 1 receptor
homology domain adaptor protein (TIRAP) mediates protein-protein interactions between the TIR
domain bearing TLR and their TIR domain bearing adaptor protein MYD88 (Figure 4). Activated
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MYD88 initiates the downstream signaling cascade by recruiting interleukin-1 receptor-associated
kinase 4 (IRAK4) and IRAK1. IRAK1 further phosphorylates TNF receptor associated factor 6
(TRAF®6), leading to the phosphorylation of Ikk - B and hence the translocation of the transcription
factor nuclear factor kB (NFkB) into the nucleus [39,40]. The transcription factor NFkB is known to
induce the gene expression of several chemokines (CCL2, CCL5, CCL20, CXCL5, CXCLS,
CXCL3), inflammatory cytokines (IL1-A, IL1-B, IL6, IL10, TNFa, TGFB1), acute phase proteins
(SAA3, S100A9, S100A12) and antimicrobial peptides (LF, LYZ1, LPO, TAP, LAP). Allin all it is
discussed that the master transcription factor NFkB regulates the expression of more than 200
different immune genes [21] The induced chemotactic gradient results in the recruitment of
leukocytes, like macrophages and neutrophils, to the site of infection, whereby the antimicrobial

peptides directly combat the invading pathogens due to their bactericidal properties [17,19,20].

(A) Gram-positive pathogens (S. aureus, C. diff.) (B) Gram-negative pathogens (E. coli)
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Figure 4: MYD88 dependent TLR4 and TLR1/TLR2 signhaling upon pathogen recognition:

Gram-positive pathogens (A) are recognized through their cell wall component LTA by TLR1/TLR2
heterodimers. Gram-negative pathogens (B), by contrast are recognized through the LPS present in their
outer membrane by co-factors of TLR4, resulting in homodimerization of TLR4. TLR4 and TLR1/TLR2
downstream signaling is in this case initiated by the TIR domain containing adaptor protein MYD88, resulting
in the activation and translocation of NFKB (p50-p56) into the nucleus. The transcription factor NFkB finally
induces the transcription of genes coding for cytokines, inflammatory chemokines, acute phase proteins
and antimicrobial peptides, leading to the recruitment of other immune cells and the activation of adaptive
immunity.
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1.3 Utilization of the immune response capability of dairy cows in
animal science and human medicine

It is already known that bovine colostrum and milk are rich in immunoglobulins. The
immunoglobulins are of great importance for the homologous transfer of passive immunity from
the mother to the calf [41]. It has however been shown that dairy cows do have a quite diverse
immune response and therefore exhibit a distinctly different magnitude of immune response
against invading pathogens [42,43]. Dairy cows with high immunoglobulin levels in blood and milk
have been shown to exhibit a lower disease occurrence as well as a more robust immune
response [42,42,43]. Understanding the mechanisms behind the phenomenon of animals with
high or low immunoglobulin levels in blood and milk could be beneficial in order to improve milk
guality and hence profitability of the dairy cows, while reducing the extensive use of antibiotics for
the treatment of diseases like mastitis [8,43,44]. However, the investigation of the underlying
genetic level, responsible for the capability of dairy cows to combat pathogens, is not only of
interest in case of animal science, but also in the case of the production of human medical products
out of bovine milk [41]. A lot of research is done in order to realize the idea of an effective
heterologous passive transfer of immunity via milk derived products [45-47]. This is of great
interest especially for the prevention of gastrointestinal diseases in humans [41]. Researchers
therefore aim to increase the amount of pathogen specific immunoglobulin G (IgG) and secretory
immunoglobulin A (slgA) in bovine milk through repeated immunization of the pregnant or lactating
dairy cow against one or even more antigens, representing pathogens of bacterial or viral origin
[41]. The repeated immunization stimulates plasma cells to produce specific IgG and slgA, which
are both transported from the blood serum into the milk by specialized transepithelial receptors.
IgG is transported by the neonatal Fc receptor (FcRn) and IgA by the polymorphic immunoglobulin
receptor (plgR) [18]. Both are located on the basolateral surface of the mammary epithelial cells
[18]. Especially IgA in its secretory form is of great interest in case of the prevention from
gastrointestinal diseases. slgA is known to neutralize pathogens in the intestinal lumen by
neutralizing bacterial enterotoxins, and prevents the adhesion of enteropathogenic bacteria to
mucosal epithelial cells [48,49]. Furthermore, especially sigA, due to the secretory piece
component, is quite resistant against gastrointestinal digestion so that most of the specific
immunoglobulins obtained from so called immune milk products will reach the gastrointestinal tract
and remain intact [50]. The high yield of specific immunoglobulins required to guarantee an effect
of heterologous passive immunization, demands the pre-selection of animals that are high
responders and hence show a good and fast immune response and a high immunoglobulin yield

in milk, upon vaccination [42,43]. This implies a new research field that aims to elucidate the
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molecular mechanisms responsible for the high or low immune responsiveness of dairy cows
towards pathogens and vaccination. Markers have to be explored that can help to distinguish
between high and low responder animals before the start of immune milk production. Hereby, the
bovine mammary epithelial cells, as well as the blood lymphocytes, are in the research focus. The
results obtained in vitro should of course be representative and directly transferable to the whole
organ or organism. Therefore, new advanced cell culture techniques, despite of the commonly
used 2-dimensional (2D) culture techniques, are required that are able to better resemble the in

Vivo situation.

1.4 Advanced cell culture techniques for the investigation of molecular

processes

1.4.1 Restrictions of 2-dimensional cell culture methods

2D culture methods are routinely used in most of the laboratories all over the world. As the cells
are just grown on the plastic surfaces of tissue culture plates, supplemented with the required cell
culture medium, it is a quite cheap and easy method [51,52]. Normally, cells cultivated under those
conditions only build monolayer cultures, not really representing the cellular architecture they
exhibit in vivo [53]. In the organism, cells are normally surrounded by a complex environment
consisting of extracellular matrices (ECM), lymph vessels, capillary tissue and other cell types
[51,54,55]. The tissue-like architecture can normally not be recapitulated under the simplified
conditions of 2D cell culture [51,52,56,57]. However, 2D cell culture systems are more and more
used to investigate underlying molecular processes that normally take place in vivo, like the
immune response, changes in gene expression and the metabolic response of cells [51,55,58,59].
Certainly, the transferability of the obtained data to an organ or organism is controversially
discussed, especially as it has been shown that cells cultured in 2D cell culture lack specialized
cell-cell and cell-matrix contacts that are important in the case of cellular signaling, transport
processes and cell differentiation [24,51,52]. Therefore, researchers aim to establish more
advanced cell culture models that might be able to better recapitulate the in vivo situation of the

respective cell types [51,53].



1.4.2 The benefits of 3-dimensional cell culture methods

The term 3D cell culture in general defines that different cell types are no longer cultivated on
plastic surfaces of tissue culture plates, but more over in or on scaffolds that mimic the ECM of
the cell type of interest [51]. Therefore, naturally occurring materials like collagen, laminin,
fibronectin and others are either purified from animal tissue or tumors (Engelbreth Holm Swarm
Mouse Sarcoma), or are fabricated from synthetic polymers, in order to build a non-toxic and
biocompatible scaffold [51,54,60—-63]. Despite of the problems connected with the 3D cell culture
approach, like the development of a cheap, inert, porous scaffold, customized for the requirements
of the different cultured cells, it has already been shown that primary cells cultured in 3D cell
culture behaved more in vivo-like than primary cells that were cultivated in 2D cell culture [55,58].
Pampaloni et al. (2007) described that cells cultured in 3D cell culture developed specialized cell-
cell and cell-matrix contacts, showed an increased cell viability, differentiated into cells with an in
vivo-like morphology and showed a more in vivo-like gene expression profile and immune and
stress response [51]. This indicated that cells cultivated in 3D cell culture behave more natively
and therefore, might be able to provide more relevant research results that could be beneficial to
close the gap between 2D cell culture and the physiological tissue, reducing the need of animal
testing in the future [51,64].

1.4.3 The importance of the cellular environment for engineering cellular behavior

and functionality

The ECM of cells is a complex mixture of proteins and sugars that is known to influence cellular
behavior, function and identity [65,66]. Furthermore, it also plays an important role as
communicating structure with signaling properties and contributes to the microenvironment of the
cultivated cells, as it is able to retain growth factors, cytokines and other small molecules
[65,67,68]. The specific composition and the biochemical and defined geometrical structure are
quite difficult to reproduce for the 3D cell culture approaches. However, the presence of an ECM-
like scaffold is mandatory for the proper functionality of cells [51]. The adhesion of cells to the
ECM is enabled by macromolecules, like integrins and proteoglycans, present in the ECM [69].
The adhesion is important for the elasticity of the cell layer, cell migration and cellular processes
like cell proliferation, differentiation and metabolism [65]. As the attachment of the cells to the
ECM-like scaffold contributes to the establishment of a functional cytoskeleton and hence a
polarized phenotype, the scaffold also facilitates the development of cell-cell contacts via the

cytoskeleton [69—71]. Therefore, cells cultivated on an ECM-like scaffold in vitro are able to better
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regulate intracellular processes through the transduction of extracellular signals into the cells
[51,65].

2 Aim of the study

Within this thesis, we wanted to establish a functional 3D cell culture model of primary bovine
mammary epithelial cells that were non-invasively isolated out of fresh cow milk. This 3D cell
culture model should be further used to investigate the effect of different immune stimulatory
agents, like the pathogens C. diff. and E. coli and the metabolite BHBA, on the innate immune
response capacity of pbMEC. Our goal was to distinguish animals with significant different immune
responses, based on their gene expression level, due to a special set of molecular biomarkers.
These expressed biomarkers are part of the downstream signaling process of the innate immune
response. Furthermore, we wanted to show, the dependency and correlation between ketosis
markers and the increased mastitis susceptibility in high producing dairy cows. Hereby, especially
the predominant ketone body BHBA and its effect on the physiological function of the ppMEC was

in the research focus.
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3 Materials and Methods

3.1 Experimental set-ups

3.1.1 Experimental set-up | — Establishment of a 3D cell culture model of ppMEC

For experimental set-up I, ppMEC isolated from milk were used to establish a 3D cell culture
model. poMEC were therefore cultivated on Matrigel® coated 6-well culture plates and furthermore
supplemented with cell culture medium containing lactogenic substances, like the hormones PRL
and HC and the essential amino acid LYS. The gene expression of selected milk protein genes
and of genes coding for components of the JAK-STAT and mTOR signaling pathway, was
evaluated. Additionally, secreted proteins in cell culture supernatants were detected with LC-

MS/MS measurements (Appendix I).

3.1.2 Experimental set-up Il -RT-qPCR for the elucidation of molecular
biomarkers

Within the experimental set-up Il, we aimed to elucidate molecular biomarkers within a set of
61 candidate immune genes by RT-gPCR (BioMark™ HD 96x96, Fluidigm), in order to distinguish
between cows with a good immune response (high responder) and cows with a bad immune
response (low responder). Therefore, ppbMEC obtained from cows immunized against the non-
mastitis pathogen C. diff., were challenged with the formalin inactivated gram-positive pathogen

in cell culture (Appendix II).

3.1.3 Experimental set-up Il — Effect of BHBA on the innate immune response of
pbMEC

The third experimental set-up aimed to elucidate whether the ketone body BHBA interferes with
the innate immune response of pbMEC against the gram-negative mastitis pathogen E. coli. The
gene expression profiles of representative target genes were investigated using RT-qPCR
measurements on the CFX384™ Real-Time System (Bio-Rad Laboratories GmbH) and the results

were further proofed at protein level via ELISA measurements (Appendix Il1).

3.2 Animals

For the non-invasive isolation of ppbMEC from milk, healthy, first lactating Brown Swiss cows were
either purchased (experimental set-up 1) or, in case of the 3D cell culture and
metabolic/immunological study (experimental set-up | and Ill), obtained from Veitshof Research

Station (Technische Universitat Munchen, Freising, Germany). The milk and cell sampling took
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place in mid lactation (day 100 — 200), whereby only healthy animals with a somatic cell count
(SCC) below 200,000 cells per milliliter were considered for the experiments. The health status of
the animals was monitored daily during the milk collection and once a month from the

Landeskuratorium der Erzeugerringe fur tierische Veredelung in Bayern e. V..

3.3 Clostridium difficile vaccine and immunization scheme

Nine first lactating Brown Swiss cows that were sampled for experimental set-up 1l (Appendix 1),
were immunized during a time-period of 31 weeks, with the MucoCD-N and MucoCD-I vaccine
against C. diff. (IDT Biologika GmbH, Dessau-Rosslau, Germany) according to a strict
immunization scheme. The animals were consequently immunized with the nasal MucoCD-N
vaccine every second week and at the same time alternating perkutan in the area of the mammary
lymph nodes or intercutan with the MucoCD-I vaccine. The vaccination procedure was approved
by the government of Upper Bavaria (AZ. 55.2-1-54-2532.6-17-2012). The health status of the
animals was routinely monitored prior and during vaccination as described above. Furthermore,
the stool of the animals was tested for C. diff. prior to immunization. Feces of all animals were

C. diff. negative (Leiden University, Medical Center).
3.4 3D cell culture of pbMEC

3.4.1 Matrigel® coating of cell culture plates

In order to establish a physiological functional 3D cell culture model of ppMEC, Matrigel® (growth
factor reduced, Corning Inc., Corning, New York, USA), a commercially available scaffold,
mimicking the ECM of epithelial cells, was used. Matrigel® is a naturally occurring material that is
extracted from the Engelbreth-Holm Swarm Mouse Sarcoma and is therefore rich in ECM proteins
like laminin (60 %), collagen IV (30 %), entactin (8 %), heparin sulphate proteoglycan and several
growth factors. The 6-well culture plates (Maxisorp, Nunc®, Sigma-Aldrich) for the 3D cell culture
approaches were coated with 2.4 mg/ml Matrigel® previous to the extraction of ppMEC. In brief,
all laboratory equipment needed for the coating procedure (culture plates, pipettes, falcons,
Eppendorf tubes, medium) had to be refrigerated, as the thermosensitive material Matrigel® was
only liquid at approximately 4 °C — 8 °C, but polymerized at higher temperatures. The 2.4 mg/mi
Matrigel® mixture was obtained by diluting the thawed Matrigel® with chilled, pure DMEM F-12
Ham medium. In order to coat the whole surface of one well of a 6-well culture plate, a total volume
of 720 ul of the Matrigel® mixture was required. The Matrigel®-DMEM F12-Ham mixture

polymerized for 30 min at 37 °C before it was inoculated with a cell suspension of the isolated
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pbMEC. Previous to the inoculation the ppMEC were re-suspended in DMEM F12-Ham cell culture
medium, supplemented with 10 % FBS (gibco® Lifetechnologies GmbH, Darmstadt, Germany),
176.7 IU/ml penicillin, 0.176 mg/ml streptomycin, 0.088 mg/ml gentamicin, 4.4 pg/ml amphotericin
B and 5 ml ITS liquid media supplement (proliferation medium, Sigma-Aldrich).

3.4.2 Milk cell extraction method

The pbMEC were extracted out of fresh cow milk according to a protocol established from
Buehring (1990) [72] and further optimized by Sorg et al. (2013) [38] and Danowski et al. (2013)
[73]. In order to guarantee the purity of the cell extracts, the protocol was further optimized due to
the implementation of a second filtration step during the washing procedure with 1x Hanks
Balanced Salt Solution (HBSS, Sigma-Aldrich). For the inoculation of one well of a 6-well culture
plate, one liter of fresh milk was defatted (1850 x g, 10 min, 4 °C) and the cell pellet, consisting of
somatic cells, was washed for several times with 1x HBSS (washing buffer) (600 x g, 5 min)
(Figure 5). The washing buffer was further supplemented with the antibiotics penicillin
(176.7 IU/ml), streptomycin (0.176 mg/ml) and gentamicin (0.088 mg/ml) (Sigma-Aldrich) and the
antimycotic amphotericin B (8.3 pg/ml) (Sigma-Aldrich). Additionally, two filtration steps with filter
units (cell strainer, BD Biosciences, Erembodegem, Belgium) owing different pore sizes (100 uM,
40 uM) were part of the washing procedure, aiming to eliminate cell aggregates and potential
contaminations from the cell suspension. The obtained cell pellet was re-suspended in
proliferation medium, inoculated onto one well of a Matrigel® coated 6-well culture plate (Maxisorp,
Nunc®, Sigma-Aldrich), and cultivated under standardized cultivation conditions (37 °C, 5 % CO,)

until reaching confluency.

1) pbMEC isolation out of fresh milk 2) Coating with Matrigel® 3) 3D cell culture

Figure 5: Isolation and 3D cell culture of pbMEC.

(1) pbMEC were extracted out of fresh milk using a milk centrifugation method. The remaining cell pellet
was washed with 1xHBSS supplemented with antibiotics and antimycotics for several times and filtered
through filter devices. (2) 6-well culture plates were coated with the thermosensitive Matrigel® prior to (3)
the inoculation with the pbMEC cell suspension.

-14 -



3.4.3 Cell cultivation

For experimental set-up |, ppMEC were either grown in 2D cell culture on the plastic surface of 6-
well culture plates, or they were cultured in 3D cell culture on Matrigel® coated 6-well culture
plates. The 2D cell culture approaches served as control in order to investigate differences
between the 2D cell culture and the 3D cell culture approach. ppMEC were extracted and cultured
as described in 3.4.2. The growth promotion and morphology of the ppMEC was monitored
regularly, especially, before the proliferation medium that was changed twice a week, was
renewed. After reaching confluency the pbMEC were sub-cultivated once using
0.25 % trypsin/EDTA solution (Sigma-Aldrich). The cell pellet (600 x g, 5 min) was re-suspended
in fresh proliferation medium and the cells were counted (TC10™ Automated Cell Counter, Bio-
Rad Laboratories GmbH, Munich, Germany) using 0.4 % Trypan blue (Bio-Rad Laboratories
GmbH), in order to select for proliferating cells. 1*10* living cells where then either, for the 2D cell
culture approach or the 3D cell culture approach, inoculated onto the plastic surface or the
Matrigel® coated surface of one well of a 6-well culture plate and cultivated (37 °C, 5 % CO,). For
experimental set-up I, pbMEC were already treated in the first passage, whereas pbMEC used in
experimental set-up Il and IIl, were cultivated until the third passage on Matrigel® coated 6-well
culture plates, and further cryopreserved in liquid nitrogen until ppbMEC from all animals had been
sampled. For cryopreservation 1*10° —5*10° pbMEC were transferred into cryopreservation
medium (70 % DMEM F12-Ham, 20 % FBS, 10 % DMSO) and stored in liquid nitrogen.

3.5 Mycoplasma PCR

In order to exclude the possibility of contamination of ppMEC with mycoplasma, cell culture
supernatants of ppMEC were tested. Therefore, the PCR Mycoplasma Test Kit (AppliChem

GmbH, Darmstadt, Germany) was used following the manufacturer’s protocol.

3.6 Immunocytochemistry

The epithelial character of the pbMEC used in the experiments, was proofed by
immunocytochemistry (IC). The method has already been described in detail by Sorg et al. (2013)
and Danowski et al. (2013) [38,73] and in Appendix I, Il and III. In Brief, 1*10* pbMEC were seeded
onto wells of 8-well LabTec chamber slides (LAB-Tek, Nunc, GmbH, Langenselbold, Germany)
and cultivated until confluency. The cells were fixed in ice cold methanol/acetone (1:1) for 10 min,
and after several washing and blocking steps, incubated with the primary monoclonal mouse 1gG
anti-pan cytokeratin antibody C-11 (1:400 in PBS-T, Sigma-Aldrich). Control wells were covered

with goat serum (diluted 1:10 in PBS-T). The slides were incubated over night at 4 °C in moist
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atmosphere. On the next day, the slides were washed with PBS-T (3 x 5 min). Subsequently, the
secondary antibody, horseradish peroxidase labeled polyclonal goat anti-mouse immunoglobulin
(diluted 1:400 in PBS-T), was added (1 h, moist atmosphere). After washing the slides with
PBS - T (3 x 5 min), the peroxidase was visualized by incubating the slides in PBS supplemented
with 20 mg of DAB-dihydrochloride and H2O; (light protected). The slides were washed with
PBS - T (3 x 5 min), the cell nuclei were stained with Haemalaun after Mayer for 10 - 15 sec and
rinsed with tap water for 30 — 45 sec. The slides were dehydrated with 50 %, 70 %, 96 % and
99 % ethanol and Rotihistol (Roth GmbH & Co. KG, Karlsruhe, Germany) for 2 min each and
covered with a cover slip and Eukitt (Roth GmbH + Co. KG) for storage.

3.7 Cell viability test

The lipophilic membrane stain Vybrant® DIL Cell Labeling Solution (Lifetechnologies GmbH) was
used to visualize the viability of ppMEC contributing to the formation of alveolar-like structures in
3D cell culture (experimental set-up |, Appendix ). The assay was performed as described in the
manufacturer’s instructions. Stained pbMEC were further cultivated until confluency and treated
either with DMEM F12-Ham medium supplemented with 3 pug/ml PRL and 1 pg/ml HC or only with
DMEM F12-Ham medium containing HC for 8 days. The medium was renewed daily and the
formation of alveolar-like structures was monitored using light and fluorescence microscopy (Leica

Microsystems GmbH, Wetzlar, Germany).

3.8 Cell stimulation

3.8.1 Immune stimulatory agents

For the induction of a ketotic state in vitro (experimental set-up Ill, Appendix 1), the ppMEC were
treated with 3 mM of the ketone body BHBA (Sigma-Aldrich, Saint Louis, USA). For the immune
challenge of ppbMEC samples in experimental set-up Il (Appendix Ill), the gram-negative, heat-
inactivated, E. coli 1303 strain [38] was used in a multiplicity of infection of 30 (MOI) colony forming
units per cultured cell [38]. In experimental set-up Il (Appendix 1) a mixture of the gram-positive,
formalin inactivated, human pathogen C. diff. and its toxoids (IDT Biologika GmbH) was applied
to the ppMEC (MOI 70).

3.8.2 Treatment schemes

The treatment of ppMEC was conducted in cell culture duplicates in all experimental set-ups
mentioned below. Furthermore, 24 h prior to cell stimulation (70 % - 80 % confluency), the

proliferation medium was replaced by DMEM F12-Ham medium that only contained ITS liquid
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media supplement (treatment medium), in order to reduce interfering effects of FBS and the
antibiotics and antimycotics.

For the induction of milk protein production (experimental set-up 1), pbMEC in 2D and 3D cell
culture obtained DMEM F12-Ham media with different supplements (differentiation media). The
various treatment approaches are listed in Table 1. The various differentiation media were
renewed daily over a period of 4 days. The cell culture supernatants were collected daily and
stored at — 80 °C until further processing, while the ppbMEC were lysed in Qiazol (Qiagen, Hilden,
Germany) after 96 h (- 80 °C).

Table 1: Composition of the different differentiation media used for experimental set-up |

Notation Components
DMEM F12-Ham  ITS Hydiosg/r;'ﬁo”e F;“ff;‘ﬁﬂ? e

2D 2D Ctr + +

2D culture + + +
3D 3D Ctr + +

3D culture + + +

3D + PRL! + + + +

3D +LYS? + + + +

3D + PRL + LYS? + + + + +

1. PRL = Prolactin

2. LYS = L-Lysine

This table was copied from Appendix I: Hillreiner et al. (2017). In Vitro Cell.Dev.Biol.-Animal 2017
doi: 10.1007/s11626-017-0169-7

For experimental set-up Il and lll, 3 counting wells were inoculated with ppMEC from each animal.
Those counting wells served to determine the amount of bacteria needed to obtain the required
MOI. pbMEC were thawed, 2*10* cells were reseeded onto Matrigel® coated 6-well culture plates

and cultivated until confluency.

For experimental set-up II, ppMEC obtained from Brown Swiss cows, immunized against the
human gram-positive pathogen C. diff. were stimulated with formalin-inactivated C. diff. (MOI 70)
after 24 h of adjustment to the treatment medium. ppbMEC were sampled in Qiazol (- 80 °C) directly
after treatment start (O h ctr), after 6 h, 24 h and 72 h, as we aimed to cover the immediate,

intermediate and late innate immune response (Appendix Il).

For experimental set-up Il the pbMEC were treated with 3 mM BHBA and/or heat-inactivated
E. coli (MOI 30, E. coli 1303 [38]), as explicitly described in Appendix Il and shown in Figure 6.
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The cell culture supernatants were collected at each treatment time-point of the experiment and
the pbMEC were lysed in Qiazol after 0 h, 24 h, 30 h and 54 h of treatment (storage: -80 °C).

ctr
BHBA
Oh 24h 30h 54h
ctr ctr ctr ctr
BHBA BHBA BHBA
E. coli E. coli
BHBA + E. coli BHBA + E. coli

Figure 6: Treatment of ppMEC with BHBA and E. coli.

At each time-point (0 h, 24 h, 30 h and 54 h) untreated control samples as well as BHBA and/or E. coli
treated samples were taken. The 30 h /54 h BHBA and 30 h/ 54 h BHBA + E. coli samples were adjusted
to a concentration of 3 mM BHBA 24 h prior to the 6 h or 30 h E. coli treatment. The figure was copied from
Appendix IlI: Hillreiner et al. (2016). PLoS ONE 11(6): e0157774. doi:10.1371/journal.pone.0157774

3.9 RNA extraction and reverse transcription

The miRNeasy Micro Kit (Qiagen) was used for the RNA extraction. The protocol was only
marginally adjusted by the addition of a second incubation step of the miRNeasy Micro spin
column with buffer RPE for 5 min. The yield of the extracted RNA was determined with the
Nanodrop ND-1000 spectrophotometer (Peqglab, Erlangen, Germany) while its integrity was
determined with the 2100 Bioanalyzer using the RNA 6000 nano Kit (Agilent Technologies,
Waldbronn, Germany) following the manufacturer’s instructions. The reverse transcription (RT) of
RNA to cDNA in all experimental set-ups, was conducted on the T-Personal Thermocycler
(Biometra, Gottingen, Germany) using 300 ng —400ng RNA (Annealing: 21 °C, 10 min,
transcription phase: 48 °C, 50 min, degrading phase: 90 °C, 2 min) (Appendix I, II, 1ll). On each
96-well plate (4titude, Wotton, Great Britain) that was used for the RT-PCR, non-template controls
(NTC), non-reverse transcription controls (negative ctr.) and positive controls (bovine mammary
gland, bovine spleen tissue) were carried along. The generated cDNA (10 ng/ul) was stored at
- 20 °C.
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3.10Primer design and quality control

Bos taurus specific primer pairs were designed using Primer3web version 4.0.0 [74,75] based on
published bovine nucleic acid sequences of the national Center for Biotechnology Information
gene database (NCBI, National Library of Medicine, Bethesda MD, USA). All designed primer
assays were commercially synthesized (Sigma-Aldrich) and tested according to their specificity
using cDNA generated from bovine spleen, bovine udder parenchyma and pbMEC. Additionally,
the PCR efficiencies of the gPCR assays were evaluated by individual serial dilution rows, as
described in the MIQE-Guidelines [76]. Unless otherwise described, the primer pairs were
designed to exhibit the optimal annealing temperature at 60 °C (Table 2). For experimental set-
up I and Il the CFX384™ Real-Time System (Bio-Rad Laboratories GmbH) was used, whereby
the RT-gPCR for experimental set-up Ill, was conducted on the Biomark™ HD 96x96 system
(Fluidigm, San Francisco, CA, USA). The primer pairs used for the different experimental set-ups
are displayed in Table 2.

Table 2: Primer pairs for RT-qPCR measurements. Primer pairs used in the different experimental set-

ups (1, I, 1ll) are labeled in the last three columns of the table.
Primer sequence (5 -> 3’)
1
Gene name NCBI reference Forward L 2 ||
sequence number [bp]
Reverse
Reference genes
18S ribosomal RNA CGGGGAGGTAGTGACGAAA
gene (18SIRNA) AF176811.1 CCGCTCCCAAGATCCAACTA 195 X
H3 histone, family 3A ACTTGCTACAAAAGCCGCTC
(H3F3A) NM_001014389.2  \ cTTGCCTCCTGCAAAGCAC 232 X
Actin, gamma 1 AACTCCATCATGAAGTGTGAC
(ACTG1) NM_001033618 GATCCACATCTGCTGGAAGG 234 X
Glyceraldehyd-3-
phosphate GTCTTCACTACCATGGAGAAGG
dehydrogenase NM_001034034.1 " 10 ATGGATGACCTTGGCCAG 197 x ) x ) x
(GAPDH)
Tyrosine 3-
monoxygenase/trypto
phan 5- CAGGCTGAGCGATATGATGA
monoxygenase NM_174814.2 GACCCTCCAAGATGACCTAC 141 | x X X
activation proteln,
zeta polypeptide
(YWHAZ)
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Primer sequence (5’ -> 3’)

Gene name NCBI reference Forward Lt 2 ||
sequence number [bp]
Reverse
. TGGTGGAGGACTTCAAGACC
Cytokeratin 8 (KRT8) NM_001033610 CGTGTCAGAAATCTGAGACTGC 215 | x | x X
S AGATCCAGGATAAGGAAGGCAT
Ubiquitin B (UBB) NM_174133.2 GCTCCACCTCCAGGGTGAT 426 X
TLR pathway
Toll-like receptor 2 CATTCCTGGCAAGTGGATTATC
(TLR2) NM_174197.2 GGAATGGCCTTCTTGTCAATGG 201 X
Toll-like receptor 4 TGCTGGCTGCAAAAAGTATG
(TLR4) NM_174198.6 TTACGGCTTTTGTGGAAACC 213 x| X
Lymphocyte antigen TGTTTCAATACGTTCTGAGCCC
96 (LY96) NM_001046517.1  1cAGTGTTCCCCTCGATGG 300 X
Lipopolysaccharide TCCCAGTTGCTTTCCTTGCT
binding protein (LBP) ~\M-001038674.2 G AAGGACTTGGTGTTCT 194 X
CD14 molecule GCAGCCTGGAACAGTTTCTC
(CD14) NM_174008.1 ACCAGAAGCTGAGCAGGAAC 124 X
Myeloid differentiation
) CTGCAAAGCAAGGAATGTGA
primary response NM_001014382.2 AGGATGCTGGGGAACTCTTT 122 X X
gene (MYD88)
TCDD-inducible
: TAGTGCAGCCTCCTTCTCCT
poly(ADP-ribose) NM_001206048.1 AACCCCATCAAGTGAGCCAG 176 X
polymerase (TIRAP)
TNF receptor-
associated factor 6, GGACTGCAGCAAAAGACGAC
E3 ubiquitin protein NM_001034661.2 CTTCCCGCAAAGCCATCAAG 156 x
ligase (TRAF6)
Interleukin-1 receptor- ACAGCATCAACATACGTGCG
associated kinase 4 NM_001075998.1 GGTGCCCCAGTC CAGTA 213 X
(IRAK4) AR
Interleukin-1 receptor- GCCGCCCAGATCTACAAGAA
associated kinase 1 NM_001040555.1 TAGGAGTTCTCTTGCGGGGA 233 X
(IRAK1)
V-rel
reticuloendotheliosis
viral oncogene ACAGCTTTCAGAACCTGGGG
homolog A (avian) NM_001080242.2 - ACGGCATTCAGGTCGTAG 140 x| x

(NF-kappa-B p65
subunit) (RELA)
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Primer sequence (5’ -> 3’)

1
Gene name NCBI reference Forward L 2 ||
sequence number [bp]
Reverse

Complement system
Complement AAGTTCATCACCCACATCAAG
component 3 (C3) NM_001040469 CACTGTTTCTGGTTCTCCTC 191 X
Chemokines
Chemokine (C-C TCTCGCTGCAACATGAAGGT
motif) ligand 2 (CCL2) NM-174006.2 TATAGCAGCAGGCGACTTGG 121 X | X
Chemokine (C-C TCCATGGCAGCAGTTGTCTT
motif) ligand 5 (CCLs) NM-175827.2 TTCAGGTTCAAGGCGTCCTC 129 X
Chemokine (C-C

i CTTGTGGGCTTCACACAGC
motif) ligand 20 NM_174263.2 GTTTCACCCACTTCTTCTTTGG 115 X X
(CCL20)
Chemokine (C-x-C

i TTGTGAGAGAGCTGCGTTGT
motif) ligand 5 NM_174300.2 CCAGACAGACTTCCCTTCCA 150 X
(CXCL5)

. AAGAATGAGTACAGAACTTCGATGC

Interleukin 8 (CXCL8) NM_173925.2 GTTTAGGCAGACCTCGTTTCC 160 X X
Chemokine (C-x-C

i TCAACCCTGAAGCTCCCATG
motif) ligand 3 NM_001046513.2 AGTCCAGCACATCAAGTCCTT 198 X
(CXCL3)
Chemokine (C-C

. ATCATTGCTGTGGTCGTGGT
motif) receptor 7 NM_001024930.3 GAAAGGGTTGACACAGCAGC 183 X
(CCRY)
Interleukin 13

CAGGTTGAGGCTGGAAGACA

receptor, alpha 1 NM_001206677.1 CCCACCACTGCCATCTAAGT 193 X
(IL13RA)
Inflammatory cytokines
Interleukin 1, alpha AGAATGTGGTGATGGTGGCA
(IL1-A) NM_174092.1 ACTTTGATTGAGGGCGTCGT 224 x
Interleukin 1, beta GAAGAAAGGCCCGTCTTCCT
(IL1-B) NM_174093.1 ACAGTGAAGTTCAGGCTGCA 176 X
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Primer sequence (5’ -> 3’)
1
Gene name NCBI reference Forward L 21|
sequence number [bp]
Reverse
. TGGTGATGACTTCTGCTTTCC
Interleukin 6 (IL6) NM_173923.2 AGAGCTTCGGTTTTCTCTGG 109 X | X
. AGCTGTATCCACTTGCCAACC
Interleukin 10 (IL10) NM_174088.1 TGGGTCAACAGTAAGCTGTGC 119 X
Tumor necrosis factor CCACGTTGTAGCCGACATC
a (TNFa) NM_173966.2 ACCACCAGCTGGTTGTCTTC 108 x| x
foctor et s "\ 0011660681  CCTGGACACCAACTACTGCT 185 x
; - ' CCAGGACCTTGCTGTACTGT
(TGFB1)
Acute phase proteins / danger associated molecular pattern molecules
Serum amyloid A3 CACGGGCATCATTTTCTGCTT
(SAA3) NM_001242573.1  5GGCAGCGTCATAGTTTCCA 179 x| x
. AATGAACGATGGCTCCTCAC
Haptoglobin (HP) NM_001040470.1 TTGATGAGCCCAATGTCTACC 176 X X
S100 calcium binding CTGGTGCAAAAAGAGCTGC
protein A9 (S100A9) NM_001046328.1 A GCATAATGAACTCCTCGAAGC 128 XX
Srloczgir‘]""xcl'gm ondng 46510 TGGGGAGGCGCTGCTCTAGAC - y
(S100A12) - TCGAAATGCCCCACCCGAACG
Antimicrobial peptides
) CGAAGTGTGGATGGCAAGGAA
Lactoferrin (LF) NM_180998.2 TTCAAGGTGGTCAAGTAGCGG 215 X X
AAGAAACTTGGATTGGATGGC
Lysozyme 1 K (LYZ1) NM_001077829.1 ACTGCTTTTGGGGTTTTGC 185 X X
Lactoperoxidase TGGCTGTCAACCAAGAAGC
(LPO) NM_173933.2 TGAGGCTCGAAAATCTCCC 134 x
Tracheal antimicrobial AGGAGTAGGAAATCCTGTAAGCTGTGT
peptide (TAP) NM_174776.1 AGCATTTTACTGCCCGCCCGA 113 X
Lingual antimicrobial AGAAATTCTCAAAGCTGCCG
peptide (LAP) NM_203435.3 CAGCATTTTACTTGGGCTCC 107 X
Apoptosis
Fas cell surface death CGGGATCTGGGTTCACTTGT
receptor (FAS) NM_174662.2 GGAGGACAAGGCTGACAACA 180 x
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Primer sequence (5’ -> 3’)

1
Gene name NCBI reference Forward L 2 ||
sequence number [bp]
Reverse
Tumor necrosis factor
receptor superfamily, CGCCTCTGTCGTCTTAGCAT
member 1A NM_174674.2 GACTGGAACTTGGGGTGGAG 170 X
(TNFRSF1A)
Tumor necrosis factor CCAGCAGCACGGACAAGA
receptor 2 (TNFR2) ~ AF031589.1 CAATGCAGGTGACGTTGACC 153 X
TAGCATAGCACGGAAGCAGG
Caspase 8 (CASP8) NM_001045970.2 GCCAGTGAAGTAAGAGGTCAG 295 X
TCAGTCAGTCAGTTGGGCAC
Caspase 3 (CASP3) NM_001077840.1 GGGAGCATCTTCCACACACA 164 X
ACGTCTTGCCCTTATTATCTGC
Caspase 1 (CASP1) XM_002692921 GTACTGTCAGAGGTCCGATGE 204 X
BCL2-associated X AGAGGATGATCGCAGCTGTG
protein (BAX) NM_173894.1 GAAGTCCAATGTCCAGCCCA 200 X
Anti-apoptotic
GGCATTCAGCGACCTGAC
;?_g);ulator Bcl-xL (Bcl-  AF245487 CCATCCAAGTTGCGATCC 203 X
B-cell CLL/lymphoma ATGTGTGTGGAGAGCGTCAA
2 (BCL-2) NM_001166486.1 GAGCAGTGCCTTCAGAGACA 195 x
Immunoglobulin receptors
IgG Fc receptor GAGCTGGCTCCTTGGATCTC
(FCRN) AFlal017.1 ATACCAGGATTCCCGGAGGT 194 X
Polymeric
. . GACACCGTGGAGAGCAAAGA
immunoglobulin NM_174143.1 GTGATTCGGAGCGTGATTGC 192 X
receptor (PIGR)
Scavenger Receptor
CD68 molecule GGCTCCAAGGAGGCAATAG
(CD68) NM_001045902.1 GAATGAGAGGAGCAAGTGGG 201 x
CD40 molecule TCGAAGGCCAACACTGTACC
(CD40) NM_001105611.2 GCCTTTTCTCTCGCAGCTTG 197 x

Oxidative metabolism
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Primer sequence (5’ -> 3’)
Gene name NCBI reference Forward Lt 2 ||
sequence number [bp]
Reverse
Cytochrome P450,
family 1, subfamily B, GGACTTTGACCCAACCCGAT
polypeptide 1 NM_001192294.1 - ACTGGTGAGCAAGGATGGA 159 X
(CYP1B1)
Cytochrome P450,
family 1, subfamily A, GGAGCCTAAAACCCACAGACA
polypeptide 1 AF514290.1 CAGCACAACTTTGGAAGGGC L X
(CYP1A1)
Nitric oxide synthase CATTCGATGTCAGCGGCAAG
2, inducible (NOS2) ~ WM-001076799.1 = 5t CGATTTGAGCCTCATG 174 X
MAPK signaling
FBJ murine
osteosarcoma viral ACTGCTCGCGATCATGATGT
oncogene homolog ~~ \M-182786.2 CCAGATCGGTGCAGTAGTCC 173 X
(FOS)
Mitogen-activated
A TGGAGGGGTAAAGGGCATTG

protein kinase 8 NM_001192974.1 156 X
(MAPKS) AGAAACGGCCAGGAAGTGTT
Others
mzzgl)l(opeptidase 1 NM_ 174112 TCTGGAGCAATGTCACACCC 151 X
(MMP1) — CCTGCACCTGGTTGAAAAGC
Interferon regulatory GCTCAACTGACGGGAAGTGG
factor 3 (IRF3) NM_001029845.2 TTTGGGTTCCCATGGTCTGG 128 x
Myxovirus (influenza
virus) resistance 1,
interferon-inducible NM_173940.2 éﬁgg'?:é?;ﬁgggffggA%TCGG 277 X
protein p78 (mouse)
(MX1)
Myxovirus (influenza

) - CTTCAGAGACGCCTCAGTCG
virus) resistance 2 NM_173941.2 232 X X
(mouse) (MX2) TGAAGCAGCCAGGAATAGTG
Nucleotide-binding
oligomerization CTGGCTCCGAGGAAACACTT
domain containing 2 NM_001002889.1 GTGCTCAGATGTCGTCCCAT 158 X
(NOD2)
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Primer sequence (5’ -> 3’)

1
Gene name NCBI reference Forward L 2 ||
sequence number [bp]
Reverse
V-akt murine
thymoma viral GATCACCGACTTCGGACTGT
oncogene homolog 1 NM_173986.2 CTTCTCGTGGTCCTGGTTGT 202 X
(AKT1)
Wingless-type MMTV
integration site family = XM_010826681.1 gggg?;g%’i%ﬁ%ﬁ%ﬁgIggﬁ_ 150 X
member 4 (WNT4)
Milk and whey protein genes
asi-casein (CSN1S1) NM_181029.2 éﬁgé?gﬁéggﬁggggg%@i%“e 257 | x
asz-casein (CSN1S2) NM_174528.2 %gé%TCCATA%AGAgéEAATGTATg%gC 173 | x
B-casein (CSN2)° NM_181008.2 ig%_ré gigg;ﬁg}gﬁ%ﬁg%ﬁ_ 163 | x X
. TGCAATGATGAAGAGTTTTTTCCTAG
- 6
k-casein (CSN3) NM_174294.1 G ATTGGGATATATTTGGCTATTTTGT 151 | x X
a-lactalbumin GGTGCAAAGACGACCAGAACCC
(LALBA) NM_1743782  GAGTGCTTTATGGGCCAACCAGTAG 192 | X
. AAGTGCCTCCTGCTTGCCCTGG
B-lactoglobulin (LGB) X14712.1 TACCAAGTCCCCGCCACCTTCTGG 104 | x
JAK-STAT pathway
Signal transducer and
activator of TCCTGCTGCGCTTTAGTGAA
transcription 2 NM_001205689.1 G ATTCGCGGGTAGAGGAAG 213 X
(STAT2)
Runt-related
. ACCATGGTGGAGATCATCG
transcription factor 2 XM_002684501.1 207 | x
(RUNX2) CCGGAGCTCAGCAGAATAA
YY1 transcription GCTTGCCCTCATAAAGGCTGCACA
factor (YY1) NM_001098081.1 GCAGCCTTCGAACGTGCACTGA 192 | x
Signal transdurcer
and activator of GTGAAGCCACAGATCAAGCA
transcription 5A NM_001012673.1 1o AATTCTCCATCCTGGTC 176 | x X

(STAT5A)
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Primer sequence (5’ -> 3’)

1
Gene name NCBI reference Forward L 2 ||
sequence number [bp]
Reverse

Janus kinase 2 TCTGGTATCCACCCAACCATGTCT
(JAK2) XM_865133.2 AATCATGCCGCCACTGAGCAA 201 X
E74-like factor 5 ATACTGGACGAAGCGCCACGTC
(ELF5) NM_001024569.1 ACTCCTCCTGTGTCATGCCGCA 134 X
CCAAT/enhancer

e . GCACAGCGACGAGTACAAGA
?(l:nEdIanPgBr;roteln, beta NM_176788.1 GTTGCTCCACCTTCTTCTGG 152 | x
Prolactin receptor CATGGTGACCTGCATCCTC
(PRLR) NM_001039726.1  A\cCCTCATGCCTCTCACATC 12 | x
mTOR pathway
Eukaryotic translation
initiation factor 4E GAACTCACCTGTGACCAAGA
binding protein 1 NM_001077893.1 -1 AAACTGTGACTCTTCACC 157 | x
(EIFAEBP1)
Ribosomal protein S6
kinase, 70 kDa, GGCAGCCCACGAACACCTGT
polypeptide 1 NM_205816.1  A\GGCGTCTGCGGATTTGCCG % | x
(RPS6KB1)
v-akt murine
thymoma viral GATCACCGACTTCGGACTGT
oncogene homolog 1 NM_173986.2  o17CTCGTGGTCCTGGTTGT 202 | x

(AKT1)

1Amplicon length

2 Primers used for experimental set-up |
3 Primers used for experimental set-up Il
4 Primers used for experimental set-up Il
5Annealing temperature 62°C

6Annealing temperature 54°C
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3.11Reverse transcription quantitative PCR (RT-qPCR)

3.11.1 CFX384™ Real-Time System

RT-gPCR reactions for the evaluation of changes in the expression of selected genes, in
experimental set-up | and Ill, were conducted with the SsoFast™ EvaGreen® Supermix on the
CFX384™ Real-Time System (Bio-Rad Laboratories GmbH) (Appendix I, 1l1). Detailed information

on the 10 pl reaction mix and the cycler program are shown in Table 3 and Table 4.

Table 3: Reaction mixture for CFX384™

Ingredient Amount per sample Manufacturer

[Hl]
SsoFast™ EvaGreen® Supermix 5.00 Bio-Rad Laboratories GmbH
Forward Primer (20 uM) 0.20 Sigma-Aldrich
Reverse Primer (20 pM) 0.20 Sigma-Aldrich
VisiBlue™ gPCR mix colorant 0.07 TATAA Biocenter, Goteborg, Sweden
DEPC H20 3.53 5prime, Hamburg, Germany
cDNA template (10 ng/ul) 1.00

Table 4: CFX384™ - cycler program

Step Temperature [°C] Time [sec] Cycles
1. Activation of the DNA polymerase 95 30

2. cDNA denaturation 95

3. Primer annealing and elongation 54, 60 or 62 0%

The cycle of quantification (Cq) was automatically detected by the CFX Manager Software
version 2.1 (Bio-Rad Laboratories GmbH). For the data analysis, raw Cq values, were collected
by the CFX Manager Software version 2.1 (Bio-Rad Laboratories GmbH) and were transferred to
GenEx 5.4.4 (MultiD, Gothenburg, Sweden) in order to identify stable expressed reference genes,
suitable for the normalization of gPCR data, by application of the geNorm tool. The fold changes
were calculated following the 2°94€® method described by Livak and Schmittgen (2001) [77].
Statistical calculations were conducted with SigmaPlot 12.0 or 13.0 (Systat Software GmbH,
Erkrath, Germany). Briefly, delta-Cq (dCq) values were examined for normal distribution (Shapiro-

Wilk) before paired t-test or a one-factorial ANOVA on repeated measurements was conducted.

- 27 -



P-values < 0.05 were assumed as statistically significant. Graphics were created in Microsoft
Excel 2013 (Microsoft Corporation, USA).

3.11.1.1 Statistical data evaluation for experimental set-up |

For the comparison of the dCq values of the 3D cell culture approaches to the dCq values of the
2D cell culture approaches, a paired t-test was used (SigmaPlot 12.0 Systat Software GmbH).
Significant (*p < 0.05; **p < 0.01; ***p < 0.001) and distinct changes (+0.05 < p <0.1) always
referred to the dCq values cultivated in 2D cell culture. The second aim was to determine changes
between the 3D cell culture control and the different treatment approaches in 3D cell culture.
Therefore, a one-factorial ANOVA on repeated measurements was applied on the dCq values of
the different treatment approaches in 3D cell culture (SigmaPlot 12.0 Systat Software GmbH).
Additionally, the Tukey test method was in this case applied for the pairwise multiple comparison

procedure (Appendix I).

3.11.1.2 Statistical data evaluation experimental set-up lll

For the statistical evaluation (SigmaPlot 13.0, Systat Software GmbH) a paired t-test was
conducted on the normally distributed data, whereby a signed rank test was used when the data

was abnormally distributed (Appendix Il1).

3.11.2 BioMark™ HD 96x96 system

For the RT-gPCR measurements in experimental set-up Il, the BioMark™ HD 96x96 system
(Fluidigm) that was adapted from Sorg et al. (2013), was slightly optimized and the cDNA was
generated as described in 3.9. Despite of the 18srRNA primer pair, the cDNA was pre-amplified
for 16 cycles. The pre-amplification of 2 pl cDNA (10 ng/ul) was conducted on the CFX384™ Real-
Time System (Bio-Rad Laboratories GmbH) using the iQ Supermix (BioRad Laboratories GmbH)
and a final primer concentration of 25 nM in a total reaction volume of 15 ul (Activation of
polymerase 95 °C for 3 min, 16 cycles of denaturation at 95 °C for 15 sec and 4 min of annealing
and extension at 59 °C). After the pre-amplification, the cDNA was diluted 20 times and further
stored at -20 °C. The efficiency of the primer assays (Table 4) was, additionally to the efficiency
test on the CFX384™ Real-Time System (Bio-Rad Laboratories GmbH), tested within the first
BioMark™ 96x96 Gene expression (GE) Dynamic Array chip (Fluidigm) according to the MIQE-
Guidelines [76]. This second efficiency test was mandatory for the evaluation of the primer assays,
as the BioMark™ system only accepts assays with an efficiency > 85 %. All in all, 4 BioMark™
96x96 Gene expression (GE) Dynamic Array chips (Fluidigm) were used to evaluate changes in

gene expression. Within each 96x96 GE dynamic array, two stably expressed samples, chosen
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according to the data of the first 96x96 GE dynamic array, were carried along as interplate
calibrators. Furthermore, positive controls (bovine mammary tissue, bovine spleen) and one no
template control (NTC) were carried along with each 96x96 GE dynamic array. ValidPrime®
(TATAA Biocenter) replaced the no reverse transcription controls, as this primer assay tested all
samples for the presence of genomic DNA during the RT-gPCR run (Appendix Il). The 5 ul sample
premix and the 5 ul assay premix (final concentration of primers in an individual reaction: 250 nM)
were prepared (Appendix Il). Before both premixes were transferred to the 96x96 GE dynamic
array and automatically mixed in the Fluidigm® IFC controller, the 96x96 GE dynamic array was
primed. The precise methodology of the microfluidic technology can be found in a publication of
Spurgeon et al. (2008) [78]. For the RT-gPCR the subsequent protocol, followed by a melting
curve analysis, was applied: 98 °C, 40 sec followed by 30 cycles of 95 °C for 10 sec and 60 °C for
40 sec. The Cqg values were automatically detected by the Fluidigm Real-Time PCR Analysis
Software Version 4.1.2 (Fluidigm). For the data analysis, the Cq values detected by the Fluidigm
Real-Time PCR Analysis Software Version 4.1.2 (Fluidigm), were also validated by means of this
software. The melting curves served as quality criterion for the exclusion of primer pairs from the
analysis. Additionally, primer pairs that showed too many missing data and/or bad efficiencies,
were excluded from further analysis. Furthermore, based on the dynamic range of the primer
assays, the cut-off Cq value was set to 26 and values larger than 26 were treated as missing data
within GenEx Enterprise Version 6 (MultID Analyses AB, Gothenburg, Sweden). For those missing
data points an offset of “+1” was estimated. For the calculation of fold change data the 2"(2ACq)
method of Livak and Schmittgen (2001) [77] was applied. The statistical analysis was conducted
as described in 3.11.1. In order to elucidate differences in gene expression, the fold change values
were used to conduct a so called self-organizing tree algorithm (SOTA) analysis. Therefore, the
mean of the fold changes of the whole analyzed group was calculated and subtracted from the
single fold change values. Those mean centered fold changes were then analyzed with the Multi

Experiment Viewer software (MeV 4.9.0, TM4) [79]. For details see Appendix Il.

3.12ELISA - Protein quantification in cell culture supernatants

The gene expression data obtained for the metabolic/immunological study with BHBA and E. coli
(experimental set-up I, Appendix Ill) was validated by the determination of protein secreted into
the cell culture medium. Therefore, the lactoferrin ELISA, already described by Danowski et al.
(2013) [73], and the commercially available CCL2 VetSet™ ELISA Development Kit (Kingfisher
Biotech, St Paul, USA) and ELISA Accessory Pack (Kingfisher Biotech) were used (Figure 7) (For
details see Appendix Ill). The mean value of the secreted proteins, was in both cases calculated,

by using the OD values of the standard curve within the linear range. The statistical analysis was
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done with SigmaPlot 13.0 (Systat Software GmbH), whereby a paired t-test was used to determine
statistical differences between the different treatments. Graphics were completed with Microsoft
Excel 2013.

A Competitive Lactoferrin ELISA B CCL2 Sandwich ELISA

Peroxidase @ TMB substrate me ubstrate
Streptavidin Streptavidin Peroxidase
Biotin Biotin,
{ { Detection Antibody
Secondary Antibody
_p
Primary Antibody Primary Antibody

Figure 7: Principle of the competitive LF ELISA and the CCL2 Sandwich ELISA.

(A) The cell culture supernatants together with the secondary LF specific antibody were added to each well.
After an incubation overnight, biotinylated LF was added, tethering to uncaptured secondary antibodies.
Furthermore, streptavidin-HRP working solution was added. (B) The procedure of the CCL2 Sandwich
ELISA was slightly different, as CCL2 was directly bound to the primary antibody, and was further captured
by a secondary biotin-streptavidin bearing antibody. In both cases the HRP substrate reaction was started
and the OD was measured at 450 nm.

3.13Secretomics — LC-MS/MS measurements of cell culture
supernatants

3.13.1 Sample preparation

The cell culture supernatants that were collected during experimental set-up |, were prepared prior
to LC-MS/MS measurements. Potential proteases, present in the cell culture supernatants, were
inhibited by the addition of a protease inhibitor (SigmaFast™ Protease Inhibitor, Sigma-Aldrich).
In order to reduce the volume of the, over a time-period of 4 days, collected samples, Amicon®
Ultra-2 Centrifugal Filter Devices (3 kDa, Merck Millipore, Darmstadt, Germany), were used. The
protein concentration in the concentrated samples was determined photometrical (562 nm) using
the bicinchoninic acid (BCA) assay. The proteins present in the cell culture supernatants were
further prepared for in-solution digestion (for details see Appendix I). The digested and purified
samples were further purified using a self-constructed column (Octadecyl C18 Solid Extraction
Disk, 3 M Empore, 1.5 mm diameter). Prior to column loading, the column was equilibrated for
four times (825 x g, 30s). First with pure acetonitrile (25 pl), then with elution buffer (25 pl,
0.1 % formic acid, 60 % acetonitrile, Merck Millipore) and two times with desalting buffer (100 pl,
0,1 % formic acid). After sample loading (825 x g, 3 min), 50 pl desalting buffer was used to rinse

the column twice. Elution took place by the addition of 50 pl elution buffer (0.1 % formic acid, 60 %
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acetonitrile, Merck Millipore). The eluate was lyophilized in a speed vac (Hersteller?) and stored
at — 80 °C until further analysis.

3.13.2 LC-MS/MS measurements

For the LC-MS/MS measurements an Eksigent NanoLC-Ultra 1D* was coupled to an Orbitrap
Velos instrument. The lyophilized eluate from 3.13.1 was dissolved in solvent A (20 pl, 0.1 %
formic acid) and a volume of 10 pl was applied to the trap column (flow rate: 5 pl/min for 10 min)
using the loading solvent (0.1 % formic acid in water). Afterwards, the peptides were delivered to
the analytical column and separated at a flow rate of 300 nl/min and a 100 min gradient
(Appendix I). A data-dependent mode that automatically switched between MS1 and MS2 was
chosen for the Orbitrap Velos. Full-scan MS spectra were acquired at 360 m/z to 1300 m/z, 70,000
resolution, an automatic gain control (AGC) target value of 3 x 10° charges and maximum injection
time of 100 ms for MS1. Up to 10 precursor ions were allowed for fragmentation in tandem mass
spectra. MS2 spectra were acquired at 200 m/z to 2000 m/z, 17,500 resolution with AGC target
value of 1 x 10° charges and maximum injection time of 50 ms. Precursor ion isolation width was

setto 1.7 Th and dynamic exclusion to 20 s (Appendix I).

3.13.3 LC-MS/MS data evaluation

For the identification of peptides from raw LC-MS/MS data, the analytical software, MaxQuant [80]
version 1.5.2.8 and its built-in Andromeda search engine [81] were applied. Furthermore, the
UniProtKB Bos taurus database, version June 2015 (23870 entries) was aligned against the raw
data files. Generally, oxidation of methionine and N-terminal protein acetylation were allowed as
variable modifications. Additionally, carbamidomethylated cysteine was set as a fixed modification
(Appendix I). Enzyme specificity was set to trypsin/P, allowing for cleavage after proline. The
minimum peptide length was set to seven amino acids and a maximum of two missed-cleavages
were allowed. The mass tolerance was set to 4.5 ppm for precursor ions and to 20 ppm for
fragment ions. The dataset was adjusted to 1% FDR on the level of proteins and peptide spectrum
matches (PSMs) (Appendix I). Microsoft Excel was applied for the qualitative analysis of the
secreted proteins. Only proteins, that at least showed 2 unique spectra during LC-MS/MS analysis,
were considered for further analysis. Additionally to the identification and selection of the proteins,
the STRING Version 10.0 [82] database was used to generate a protein interaction network,
considering only interactions with a combined score of at least 0.4, whereby unconnected nodes
were concealed from the graphic. The EMBL-EBI QuickGo browser [83] was used to elucidate

biological functions of the characterized proteins by gene ontology.
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4 Results and Discussion

4.1 General evaluation of the pbMEC cell culture

All pbMEC cultures used within the different experimental set-ups showed the typical epithelial
morphology. The cells were polygonal in shape and showed the typical cobble-stone like
appearance. Furthermore, the epithelial origin was confirmed due to IC, as all ppbMEC cultures
were positively stained for the monoclonal mouse anti-cytokeratin pan antibody clone C-11
(Appendix I, II, IlI) (Figure 8). Additionally, all ppMEC cultures were tested for contaminating
mycoplasma using the PCR Mycoplasma Test Kit (AppliChem GmbH). All cell cultures were
mycoplasma free, so that any interfering effect on the immune response or behavior of the pbMEC

due to mycoplasma, could be excluded (data not shown).

Figure 8: IC of ppMEC cultures:

All cultures were cytokeratin positive (Magnification upper row 100x, middle row 200x). In the negative
control, only the stained nuclei were visible (bottom row, magnification 100x).
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4.2 RNA integrity and RT-gPCR efficiency

Not only the cell culture was evaluated, but however also the quality of the RNA that was used in
experimental set up I, Il and lll. The integrity of the RNA was very good, as an average RIN of
9.72 £ 0.073 (n=82) could be determined when 82 randomly collected RNA samples from all
experimental set-ups, were analyzed on the 2100 Bioanalyzer with the 6000 Nano chips.
Furthermore, all primer assays used within experimental set-up |l were proofed concerning their
efficiency on the BioMark™ 96x96 GE dynamic array, resulting in an average r? - value of
0.97 £ 0.01 (n=61). As the efficiency of the primer assays on the BioMark™ system were between
1.0 — 1.8, and as some of the primers for the RT-gPCR were adopted from Sorg et al. (2013), only
a few of the adopted primer assays and all new designed primer assays that were used for
experimental set-up | and Ill, were tested for the CFX384™ Real-Time System, resulting in an
overall r?- value of 0.9984 + 0.00029 (n=42).

4.3 Establishment of a physiological functional 3D cell culture model
of non-invasively isolated pbMEC

We showed that due to the cultivation of ppMEC on Matrigel®, and the supplementation of the cell
culture medium with lactogenic hormones over a time period of 8 days (experimental set-up I,
Appendix 1), alveolar-like structures were built (Figure 9). The viability of the cells, contributing to
those alveolar-like structures was proofed by the fluorescence dye Vybrant® DIL Cell Labeling
Solution (Life Technologies GmbH) (Figure 9). Our findings are in accordance with several
published studies [24,55,59,84], which also showed the importance of an ECM-like scaffold for
the maintenance of in vivo-like characteristics of the ppbMEC in vitro. The differentiation of ppMEC,
cultured in 3D cell culture, into polarized cells, that are hence able to build tubular and alveolar-
like structures, has also been described in several studies [24,54,85,86]. However, most of the
research done until now was conducted with stable cell lines or ppbMEC extracted from tissue of

slaughtered animals and not, as in this study, with non-invasively extracted primary cells.
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Figure 9: Formation of alveolar-like structures of popMEC cultured on Matrigel®.

pbMEC cultured on Matrigel® and supplemented with PRL and HC over a time-period of 8 days, formed
alveolar-like-structures (left, magnification 200x). The pbMEC contributing to those so called
mammospheres, incorporated the lipophilic fluorescence dye Vybrant® DIL Cell Labeling Solution (Life
Technologies GmbH) into their cell membrane, whereby their viability was confirmed (middle and right,
magnification 200x).

As the pbMEC cultivated in 3D cell culture, were able to recapitulate a tissue like organization, we
further proofed whether the ppMEC cultivated in vitro were still functional and whether a difference
in the cellular functionality between cells cultured in 2D cell culture, 3D cell culture and between
the different treatment approaches in 3D cell culture, can be determined (Table 1). We showed,
that the 3D cell culture itself, as well as the treatment with lactogenic substances, had a positive
influence on the gene expression profile of ppMEC (Appendix I: Figure 3). The expression of
genes coding for milk proteins, like CSN1S1, CSN3 as well as for components of the intracellular
signaling pathways (JAK-STAT: STAT5A, ELF5, CEBPB, YY1, mTOR: RPS6KB1, AKT1),
promoting the transcriptional activation of milk protein synthesis, was distinctly as well as
significantly altered, especially due to the cultivation of ppMEC on Matrigel® (Figure 10 A(1), B(1),
C(1), D(2)). The superior effect of the ECM on the milk protein gene expression shown here, is in
accordance with studies of Riley et al. (2010), Kozlowski et al. (2011) and Schmidhauser et al.
(1992) [24,26,87]. Only a slight or even no effect of the lactogenic hormone PRL or the essential
amino acid LYS was determined when compared to the pure 3D cell culture approach (Figure 10
A(2), B(2), C(2), D(2)). This was contradictory to a study of Lu et al. (2012) [25], who showed that
supplementation of cell culture medium with LYS resulted in an increased CSN2 gene expression.

We however detected a slight effect of the essential amino acid LYS on the expression of the gene
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coding for CEBPB (Figure 10 C(2)). Furthermore, in our experiments CSN3 and AKT1 showed a
significant induction of the gene expression when additionally to the 3D cell culture approach, the
lactogenic hormone PRL was supplemented in the cell culture medium (Figure 10 A(2), D(2)). The
same trend for the low responsiveness of milk protein gene expression towards PRL, has already
been described earlier by Kozlowski et al. (2011) and Riley et al. (2010) [24,26].
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Figure 10: Fold change of genes coding for milk proteins and pathway components during different
2D and 3D cell culture approaches:

(A) The fold changes of the genes coding for the milk proteins CSN1S1 and CSN3 are shown (A1) relative
to the 2D cell culture control and (A2) relative to the 3D cell culture control. (B, C) The fold changes of genes
coding for components of the JAK-STAT signaling pathway are shown (B1/C1) relative to the 2D cell culture
control and (B2/C2) relative to the 3D cell culture control. (D) The fold changes of genes coding for
components of the mTOR signaling pathway are shown (D1) relative to the 2D cell culture control and (D2)
relative to the 3D cell culture control. (A1, B1, C1, D1) Distinct (* 0.05 < p < 0.10) and significant changes
indicated in the graphs (* p < 0.05; ** p < 0.01; *** p < 0.001) always referred to the dCq values of ppMEC
cultivated in 2D cell culture. (A2, B2, C2, D2) Distinct (* 0.05 < p < 0.10) and significant changes indicated
in the graphs (* p < 0.05; ** p £ 0.01; *** p < 0.001) always referred to the dCq values of ppbMEC cultivated
in 3D cell culture and additionally, superscript letters, display significant differences in the gene expression
between the different treatment approaches in 3D cell culture.

The functionality of the pbMEC cultured in 3D cell culture and the onset of milk and whey protein
production and secretion, was further proven by LC-MS/MS measurements in cell culture
supernatants. All in all, in the 3D cell culture supernatants, 56 proteins, that showed more than 2
unique spectra, were identified (Figure 11, Appendix I: Supplementary Material Table S1). As the
milk an whey proteins CSN1S1, CSN2, LALBA and BLG and furthermore, several other proteins,
were detected (FASN, SFN (14-3-3 o), LGALS3, TGFB1) that are discussed, not only to be
involved in cell proliferation and differentiation, but also in the induction and promotion of lactation
[88—95], we were able to confirm our RT-gPCR results for the milk protein gene expression.

Furthermore, we were able to detect proteins involved in actin filament organization and
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cytoskeletal reconstruction (ACTN1, CNN2, FSCN1, CFL1) (Figure 11, Appendix I
Supplementary Material Table S1).
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Figure 11: Protein network of proteins secreted from pbMEC cultivated in 3D cell culture.

Secreted proteins clustered together concerning their characteristics. Therefore, milk and whey proteins
(red), proteins involved in cell proliferation and differentiation (green), proteins responsible for cytoskeletal
organization (purple) and proteins promoting the protein folding process (blue), could be identified in cell
culture supernatants of ppMEC, using LC-MS/MS measurements. The protein network was generated with
String 10 [82] and proteins with similar biological functions were identified using the EMBL-EBI, QuickGO
browser. Disconnected proteins were concealed. This figure was copied from Appendix I: Hillreiner et al.
(2017). In Vitro Cell.Dev.Biol.-Animal 2017 doi: 10.1007/s11626-017-0169-7

As a functional cytoskeleton is of great importance for the general promotion of intracellular and
intercellular signaling processes and for mammary epithelial cell differentiation and hence
regulation of milk protein production [96-99], we postulated the successful induction of

lactogenesis in the 3D cell culture model of ppMEC. However, not only proteins involved in
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cytoskeletal organization and milk protein gene expression were detected, but also proteins
involved in immune regulatory processes. Among them were proteins with antimicrobial and
immunomodulatory functions [100,101], like LF, and chemotactic molecules (CXCL3, CXCLS6,
S100A8) that are responsible for the recruitment of leucocytes to the site of infection (Appendix I:

Supplementary Material Table S1).

Summarizing this first experimental set-up, we successfully established a functional 3D cell culture
model of ppMEC that favored the organization into polarized, multicellular structures, resulting in
a more faithful representation of the intact mammary gland. Based on this functional cell culture
model, it should in the future be possible to better and more precisely investigate physiological
processes like the immune response and metabolic processes. Therefore, the before established
3D cell culture model of ppMEC was further used for the RT-qPCR experiments (experimental
set-up IlI) and the evaluation of the effect of ketosis on the innate immune response of popMEC

(experimental set-up III).

4.4 RT-gPCR for the elucidation of molecular biomarkers in the innate
immune system

pbMEC are also attributed to the first cellular barrier against invading pathogens, and hence play
an important role in the induction of the innate immune response of the bovine mammary gland.
Deficits in the recognition of possible pathogens, via the TLR, as well as deficits in the downstream
signaling pathways could be the reason for the occurrence of so called low responder animals
[19]. The so called high and low responder animals show a quite diverse overall health status as
well as immune reaction upon vaccination. The in general healthier high responder animals are
characterized by a good and fast immune response, resulting in higher immunoglobulin levels in
milk, and a lower susceptibility to inflammatory diseases, increasing the profitability of the dairy
cow [42-44]. The selection for high responder animals, based on molecular biomarkers, is
therefore not only promising for the dairy industry itself but also for the medical sector, aiming to
produce medical dietary supplements enriched with specific immunoglobulins against various
diseases [41]. We think that not only the adaptive immune system, and hence the lymphocytes,
should be considered for the search of molecular biomarkers, but also and especially those cells
that induce the innate immune response and hence activate the adaptive immunity. The animals
used within our experiment were triggered to produce and secrete specific immunoglobulins
against C. diff., due to an immunization against this human pathogen. This pathogen was chosen,

as the vaccination of cows against this gram-positive pathogen is promising in case of the
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production of immune milk that could prevent the development of C. diff. associated diarrhea in
humans [45]. The animals were divided into the low (n=4) and high responder (n=5) group, based
on the C. diff. specific IgA content in milk, whereby the threshold was set to 8 ug/ml (Appendix II:
Figure 1). For the search for molecular biomarkers on gene level, the RT-qPCR on the BioMark™
HD 96x96 system (Fluidigm) was chosen. The differential gene expression of 61 innate immune
genes, of pbMEC challenged with the formalin inactivated pathogen C. diff., was evaluated (Table
2). The gene expression profile of the low and high responder animals was compared and it was
apparent that during all treatment time-points (6 h, 24 h, 72 h), the ppbMEC of the high responder
group were better capable to induce the gene expression of various innate immune genes
(Appendix II: Additional File 1, Table S2). The treatment with C. diff. in the high responder group,
resulted in 18 significantly induced genes and 4 distinctly up-regulated genes. In the low responder
group only 14 genes were significantly up-regulated and 2 genes were distinctly up-regulated
through the stimulation of ppbMEC with the gram-positive pathogen C. diff. (Appendix II: Additional
File 1, Table S2). Despite of the, for gram-positive germs expected small changes in gene
expression [17,19-21], significant differences in the gene expression of several innate immune
components could be revealed between the high and low responder cows, using a normal t-test
(Appendix II: Table 1). Additionally, a SOTA analysis was conducted, to visualize the differences
in gene expression between the high and low responder group. Therefore, the mean value of all
fold changes in the high and low responder group was calculated for each gene. The mean value
of the whole group, was then subtracted from the fold changes of the high and low responder
group. Values smaller than the mean value of the whole group were displayed in red, whereas
mean values of the groups that were above the mean value of the whole group, were displayed in
green. This SOTA analysis (Figure 12 and Appendix II: Figure 4, 5, 6) revealed the time-dependent
activation of different classes of immune genes. Nineteen of the 61 genes were immediately (6 h)
regulated after treatment start in cell culture, whereas 11 genes were immediately (6 h) as well as
intermediately (24 h) induced and 21 genes only showed a differential gene expression 72 h after

treatment start (Figure 12).
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Figure 12: SOTA dendogram - time-dependent activation of different immune genes in the high and

low responder group.

(A) 19 genes were immediately induced after treatment start, especially in the high responder group. (B)
11 genes were induced 6 h as well as 24 h after treatment start. (C) Especially in the high responder group
around 21 genes were induced 72 h post induction.
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A distinctly or even a statistically significant higher induction of the gene expression within the high
responder group when compared to the low responder group, could be revealed for the genes
coding for the TLR-pathway components LY96, CD14, TIRAP and RELA, for the chemokines
CXCL8, CCL5, CXCL5, the inflammatory cytokines IL6 and IL1-A, the antimicrobial peptides
LYZ1, LPO, apoptosis related factors (Bax, FAS, CASP8, CASP3) and the danger associated
molecular pattern molecules S100A9 and S100A12, (Appendix II: Table 1). As nearly at all time-
points a differential expression of the genes coding for LY96, CD14, TIRAP, RELA, CXCLS8, CCL5,
CXCLS5, IL6, IL1-A, LYZ1, LPO, S100A9 and S100A12 was detected between the high and low
responder animals, those genes could be favorable as potential molecular biomarkers (Figure 13).
The differences in gene expression were not always statistically significant, but however distinctly
different, as the inter-animal variations between the 4 to 5 individual biological replicates, were too
divers (Figure 13).
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Figure 13: Differential gene expression between high and low responder animals — innate immune
genes as potential molecular biomarkers:

The genes that could be utilized as potential molecular biomarkers are members of different innate immune
families. Differential regulated genes coding for components of the (A) TLR-pathway, (B) for chemokines,
(C) for inflammatory cytokines, (D) for acute phase proteins and (E) for danger associated molecular pattern
molecules are shown. The distinct (0.01 < p < 0.05) or significant differences between the dCq values of the
high and low responder animals, were evaluated with a t-test (* p < 0.05, ** p< 0.01, ***p< 0.001).

Like Strandberg et al. (2005), we also found that not the TLR receptors itself, but hence the
availability and signaling capacity of the downstream effector molecules seems to be responsible
for the proper activation of NFKB, the key transcription factor of the innate immune response [19].
The significantly higher gene expression of genes coding for key elements in the TLR pathway in
the high responder group, seems to be accompanied with a faster and more efficient activation of
genes coding for innate immune effector molecules, like chemokines, inflammatory cytokines,
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antimicrobial peptides and danger associated molecular pattern molecules. The potential
molecular biomarkers mentioned above, are discussed to be major initiators of the inflammatory
response [14,19,102,103], leading to the activation of a positive feedback-loop in innate immunity.
It is already known that for example CXCLS8 recruits polymorphonuclear leukocytes (PMN) to the
site of infection [21,104], whereas CCL5 mostly recruits memory T-helper cells, eosinophils and
dendritic cells [21,105]. S100A9 and S100A12 that are known to be induced through the presence
of gram-positive pathogens [14,103] are hence discussed to increase the transcription of cytokines
and chemokines and therefore, to promote the enhanced activation of leukocytes [106,107]. The
interplay of all those molecules within the high responder animals is likely to lead towards an
immediate induction of the adaptive immune system and hence effective production and secretion

of specific immunoglobulins.

4.5 The ketone body BHBA interferes with the innate immune
response of ppbMEC

As itis also of great interest to understand the complex interaction between innate immune system
and external bacterial factors and/or internal metabolites, we evaluated the effect of the ketone
body BHBA on the innate immune response of ppMEC against the mastitis pathogen E. coli. The
more immunogenic gram-negative mastitis pathogen E. coli that was used as bacterial stimuli,
strongly induced the gene expression of a variety of innate immune effector molecules. Amongst
the most significantly induced genes were genes coding for CCL2, CCL20, CXCL8, IL6, TNFa,
LF, LYZ1, TAP, SAA3, S100A9 and C3 (Figure 14). This was in accordance with several other
studies [17,19,73] that also showed the predominant effect of E. coli on the expression of innate
immune genes, whereby TLR4 and the TLR pathway components were mainly unaffected due to

the bacterial stimuli (Appendix IlI: Table 2).
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Figure 14: Effect of E. coli on the gene expression of selected innate immune genes.

(A) The genes coding for the chemokines CCL2, CCL20 and CXCL8 were highly significant induced upon
stimulation with E. coli. (B) The inflammatory cytokines IL6 and TNFa, were significantly altered after 30 h
of immune treatment, whereas (C) the genes coding for the antimicrobial peptides as well as (E) the acute
phase protein SAA3, were affected during all treatment time-points. (D) The genes coding for TLR4 and
components of the TLR pathway were only slightly induced, however, the gene coding for the complement
component C3 was significantly induced upon stimulation with E.coli (* p £ 0.05, ** p< 0.01, ***p< 0.001).

As the direct effect of the, in ketosis, predominant ketone body BHBA on the innate immune
response of ppMEC, has not been explicitly studied until now, we wanted to know how this ketone
body could be responsible for the often coinstantaneous appearance of ketosis and mastitis in
dairy cows. It is presumed that elevated levels of BHBA are responsible for a reduced activity of

immune cells and that they have a negative effect on the chemotactic function of leukocytes
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[2,108]. Therefore, it could be possible, that BHBA already negatively acts on different innate
immune genes which hence leads to a lower production of chemotactic factors and in
consequence to a declined immune response. The short term (30 h) and long term (54 h) effect
of 3 mM BHBA on the gene expression of innate immune genes was evaluated, whereby only a
very weak induction of immune gene expression could be determined (Appendix Ill: Table 2).
Based on these findings, the metabolite BHBA alone seemed not to have strong immunogenic
properties. However, the co-stimulation of ppMEC with E. coli and 3 mM BHBA resulted in
distinctly and significantly declined gene expression profiles of CCL2, SAA3, LF and C3
(Figure 15). Especially long-term (54 h) supplementation with 3 mM BHBA tended to affect the
innate immune response capability of pbMEC during the co-stimulation. Despite of the significant
differences in the gene expression of CCL2, SAA3, LF and C3, nearly all genes coding for
chemokines, inflammatory cytokines, antimicrobial peptides, acute phase proteins and the
complement components, were likely to be attenuated when BHBA and E. coli were present in the
culture medium (Appendix Ill: Table 2). The lack of statistical significance in those cases could be
due to the diverse immune response of the ppMEC obtained from 6 different animals (6 biological
replicates). However, the statistically significant attenuation of the above mentioned genes, was
further confirmed on protein level, applying cell culture supernatants of all samples in a competitive
LF-ELISA and a commercially available CCL2 sandwich ELISA (Figure 15 A, B). The ELISA
measurements confirmed the RT-qPCR results, as it could be clearly seen that the protein
production and secretion of LF and CCL2 was increased in the same way as the gene expression
of both genes. Both the gene expression and the amount of secreted protein increased, when the
treatment period with E. coli was prolonged from 6 h to 30 h, indicating the proper functionality of
the innate immune defense in ppMEC. Additionally, both the gene expression and the amount of
secreted protein significantly declined when pbMEC were co-stimulated with 3 mM BHBA and

E. coli during both treatment time points (Figure 15 A, B).
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Figure 15: Co-stimulation with E. coli and BHBA attenuates the gene expression as well as the
protein biosynthesis. (A, B) The RT-gPCR data of LF and CCL2 was confirmed with ELISA

measurements.

(A) Bar graphs indicate the fold change of LF gene expression due to the different treatment approaches.
Line graphs indicate the amount of LF that was secreted into the cell culture supernatant upon stimulation
with E. coli (6 h, 30 h) or with both E. coli and 3 mM BHBA. (B) Amounts of secreted CCL2 are indicated
with line graphs, whereas the differential gene expression of CCL2 is displayed with bar graphs. Fold
changes of the (C) complement component C3, (D) the milk protein CSN3, (E1-2) the acute phase protein
SAA3 and (F) the inflammatory cytokine IL6, are displayed in bar graphs. Significant changes in gene
expression (black) as well as in the protein content (blue) are indicated by stars (*p < 0.05: **p < 0.01,

e < 0.001).
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We therefore showed that genes of different innate immune families were affected by the
metabolite BHBA. Especially, the chemokine CCL2 [14,109] is known to be fundamental for the
development of a chemotactic gradient [16,18] and hence the recruitment of innate leukocytes
that are not directly responsive to pathogens [110,111]. Interestingly, also the acute phase protein
SAAS that is discussed to be a potential biomarker for the inflammatory disease mastitis, was
significantly altered due to BHBA, indicating the suppressive effect of this metabolite. The
attenuation of gene expression and hence protein biosynthesis of those chemotactic molecules
emphasized the findings of Suriyasathaporn et al. (1999, 2000) [2,108], that BHBA negatively
affects the chemotactic function of leukocytes. Therefore, it might be possible that BHBA, that
within our experiments clearly affected the gene expression of humoral defense molecules, as
well as of chemotactic effector molecules, might be responsible for the elevated mastitis

susceptibility in cows, suffering from long-term NEB.
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5 Conclusion

We showed that the method of the non-invasive isolation of ppMEC from fresh cow milk, which
was recently established by Sorg et al. (2012), is also suitable for the generation of a 3D cell
culture system. The pbMEC cultivated on the ECM-like scaffold Matrigel® recapitulated various
features they normally only have in vivo. Due to the scaffold, they maintained their polarized
phenotype and built alveolar-like structures. Especially, due to the Matrigel® matrix, the ppMEC
were able to express milk protein genes and hence secrete the produced proteins into the cell
culture supernatant. This indicated that a functional 3D cell culture system of ppMEC was
successfully established. This 3D cell culture system could in the future be used to obtain more
faithful and transferable data, as the 3D cell culture approach represents a more in vivo-like model

of the functional bovine mammary gland.

Additionally, this new cell culture approach served to elucidate the genes coding for the innate
immune components, LY96, CD14, TIRAP, RELA, CXCL8, CCL5, CXCL5, IL6, IL1-A, LYZ1, LPO,
S100A9 and S100A12 as potential molecular biomarkers. The potential molecular biomarkers are
promising in case of the selection for high responder animals, that are able to immediately respond
to external bacterial stimuli and hence produce higher amounts of immunoglobulins in milk. Those
innate immune components are discussed to be crucial for the proper activation of the transcription
factor NFkB and the formation of a chemotactic gradient, resulting in the recruitment of leukocytes

and hence the induction of the adaptive immune response and immunoglobulin production.

Furthermore, we determined that long term exposure of ppMEC to the ketone body BHBA clearly
attenuated the innate immune response competence of ppMEC against the predominant mastitis
pathogen E. coli. Not only the gene expression (CCL2, LF, C3, SAA3, CSN3, IL6), but also the
protein biosynthesis of innate immune genes like CCL2 and LF was altered in ppbMEC, due to the
metabolite. Therefore, we postulate that it is likely that the ketone body BHBA negatively affects
the innate immune response capacity of ppMEC, and hence leads to a higher mastitis

susceptibility in ketotic cows.

- 48 -



6 Perspectives

As the 3D cell culture approach of ppbMEC seems to be promising for the investigation of molecular
mechanisms that take place in the bovine mammary gland, the model should be further optimized
in the future. To obtain even more faithful in vivo-like data, the ppMEC could also be cultured in
the ECM-like scaffold Matrigel® and not only on top of the scaffold. It could be, that due to the
cultivation in the scaffold, a branched network of connected alveoli is formed, even better
representing the glandular tissue of the udder. However, this approach needs further
improvements as it has to be evaluated whether the supplementation with oxygen and nutrients
is sufficient when pbMEC are incorporated into the Matrigel® matrix. Additionally, the polarization
and differentiation process of the pbMEC in 3D cell culture could be further visualized by
fluorescence staining of basal surface receptors (integrin-1), adherence junction proteins (E-
cadherin) and tight junction proteins, as described by Kozlowski et al (2011) [24]. The cultivation
period and the treatment with lactogenic substances could be optimized and prolonged from 4 - 8
days up to 16 — 20 days, providing more time for the ppMEC to organize in tissue-like structures
and produce and secrete milk and whey proteins. Furthermore, the LC-MS/MS measurements
need to be further optimized as we were only able to qualitatively but not quantitatively determine
the secreted proteins. Perhaps, preliminary experiments with stable cell lines, could be
advantageous to determine the required cell density, cultivation period and amount of cell culture
supernatant required for the LC-MS/MS measurements. Concerning the search for molecular
biomarkers in gene expression that can in the future perhaps be used for the selection of fast
immune responder animals, the results obtained with the pbMEC should of course be
contemplated in conjunction with the gene expression data of blood lymphocytes. Furthermore,
the experimental set-up should be repeated with pathogens, like S. aureus and E. coli that
contribute to the most prevalent inflammatory disease affecting the animal’s welfare and
profitability. In general, it could be advantageous to focus on the miRNAs to obtain new insights
in the regulation of the gene expression in the bovine mammary gland. miRNAs, associated with
the post-transcriptional regulation of genes of the TLR signaling pathway (bta-miR146a, bta-miR-
181a) as well as of genes coding for chemokines (bta-miR-16a, bta-miR23a, bta-miR-365-3p) and
others, could be of interest to find a pathogen and perhaps also a high responder directed
microRNA expression profile. In order to investigate the special set of microRNAs assigned to
high responder animals, different metabolic disorders or pathogens, an advanced high-throughput

sequencing method, like the next-generation sequencing approach, should be applied.
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Abstract For the investigation of molecular processes under-
lying diseases of the bovine mammary gland, primary bovine
mammary epithelial cells (pbMEC) are used. They are known
to contribute to the innate immune system of the bovine mam-
mary gland. The functionality of ppMEC depends on the
maintenance of in vivo characteristics. So far, the optimization
of pbMEC culture conditions was intended in a variety of
experiments. For this purpose, most of the studies used stable
cell lines or primary cells obtained from udder biopsies of
slaughtered animals. By contrast, within our study, ppMEC
of healthy and first lactating Brown Swiss cows were non-
invasively isolated from fresh milk. The non-invasively iso-
lated ppMEC were cultivated on the extracellular matrix-like
scaffold Matrigel®_ Further, they were challenged with differ-
ent compositions of proliferation media, containing lactogenic
hormones and/or the essential amino acid L-lysine. Changes in
expression levels of genes coding for milk proteins and for
components of the janus kinase/signal transducers and activa-
tors of transcription (JAK-STAT) and mTOR pathways were
analyzed by RT-qPCR. The secreted proteins were analyzed
by LC-MS/MS measurements. We showed for the first time
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the establishment of a physiologically functional 3D cell cul-
ture model of pbMEC isolated from fresh milk. This repre-
sents a primary cell culture model system, based on non-
invasive cell collection, that can be used to unravel physiolog-
ical processes in an unbiased manner.

Keywords Primary bovine mammary epithelial cells - 3D cell
culture - Lactogenesis - Proteomics - RT-qPCR - Extracellular
matrix

Introduction

Primary bovine mammary epithelial cells are located in the
glandular tissue of the bovine mammary gland and are lin-
ing the alveoli, the milk building subunits of the gland.
Therefore, the main task of primary bovine mammary epi-
thelial cells (pbMEC) is the synthesis and secretion of milk
and whey proteins (Rainard and Riollet 2006). However,
they also contribute to the innate immune system of the
bovine mammary gland, as they are able to recognize path-
ogens and furthermore secrete effector molecules, like
chemokines and inflammatory cytokines, in order to attract
immune cells to the site of infection (Rainard and Riollet
2006; Sorg et al. 2013). A lot of research has already been
done to elucidate the mechanisms that occur when mastitis
pathogens managed to cross the blood-mammary gland bar-
rier. It is therefore very important to study those immune
mechanisms in an in vivo-like environment where the
pbMEC behave natively, so that the immune response ob-
tained in vitro is more comparable to the immune response
in vivo. In order to establish a 3D cell culture model, cells
are cultivated on an extracellular matrix (ECM)-like scaf-
fold. It has been shown that cells in 3D cell culture recapit-
ulate a tissue-like organization and show higher cell
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proliferation levels compared to the 2D monolayer cell cul-
ture (Kozlowski et al. 2009). Therefore, the morphology
and behavior of the cells in 3D architecture are very similar
to the in vivo characteristics (Pampaloni et al. 2007). The
first successful 2D cell culture of ppMEC extracted from
milk was established by Buehring (1990). The isolation of
pbMEC extracted from cow milk is a non-invasive and
highly reproducible method, which allows the sampling of
larger cohorts (Sorg et al. 2012; Buehring 1990) and reduces
the cross-contamination of ppMEC cultures with fibro-
blasts. However, the tissue culture method and the use of
stable cell lines are still predominant in this research field
(Sorg et al. 2012). Therefore, we wanted to show that the
establishment of a fully functional 3D cell culture model of
pbMEC extracted from fresh milk is possible and hence able
to compete with models generated with stable cell lines or
cells from tissue biopsies. Additionally, we wanted to show
that ppMEC cultured in 3D cell culture are capable to induce
milk protein gene expression and subsequently secrete the
produced proteins into the cell culture supernatant, using
RT-qPCR and LC-MS/MS measurements as conformational
methods.

Materials and Methods

3D cell culture of ppMEC extracted from milk The ppMEC
used within this study were isolated non-invasively from fresh
milk of five healthy Brown Swiss cows in mid-lactation (days
100-200) according to the method first described from
Buehring (1990), further established and developed by Sorg
et al. (2012) and Danowski et al. (2013) with slight optimiza-
tions in the washing procedure. Briefly, 1-L fresh cow milk
was used to obtain pbMEC for one well of a six-well tissue
culture plate. Six liters of fresh milk was taken each day for a
time period of 2-3 wk. The sampling intervals and quantity of
1 L/one-well batches depended on the cell quality and total
amount in the milk. Therefore, the sampling period and num-
ber of pbMEC isolations varied between the different animals.
For the treatment, only one of the daily samples per animal
was used, and the samples were not pooled. The milk was
defatted (4°C, 1850%g, 10 min), and the remaining cell pellet
was washed for several times with 1x Hanks balanced salt
solution (HBSS buffer, Sigma-Aldrich, Saint Louis, MO).
The 1x HBSS buffer was further supplemented with antibi-
otics and antimycotics to reduce the possibility of unintended
contaminations in cell culture (Sorg et al. 2012). The washing
procedure was optimized due to the insertion of a second
filtration step, using two filter devices with different pore sizes
(100 and 40 pum, Greiner Bio-One GmbH, Frickenhausen,
Germany). pbMEC obtained from 1-L fresh milk were either
for the 3D cell culture experiments, seeded onto six-well cul-
ture plates, coated with 2.4 mg/ml Matrigel® (growth factor
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reduced, Corning Inc., Corning, NY), or for the 2D cell culture
controls, seeded on the plastic surface of six-well culture plate.
The pbMEC were further cultivated (5% CO,, 37°C) in pro-
liferation media consisting of DMEM F12-Ham medium
(Sigma-Aldrich) supplemented with 1 pg/ml of the lactogenic
hormone hydrocortisone (Sigma-Aldrich), FBS (gibco® Life
Technologies GmbH, Darmstadt, Germany), antibiotics,
antimycotics, and insulin-transferrin-selenite (ITS) liquid me-
dia supplement (Sigma-Aldrich) (Sorg et al. 2013) until
confluency. ITS liquid media supplement consists of insulin,
transferrin, and selenite and is routinely used as supplement
for bovine mammary epithelial cells (Danowski et al. 2013;
Sorg et al. 2013; Jedrzejczak and Szatkowska 2014). After
2 wk, the ppMEC were detached with 0.25% trypsin/EDTA
solution (Sigma-Aldrich) and 1 x 10* pbMEC were sub-
cultivated either onto six-well culture plates coated with
2.4 mg/ml Matrigel® or onto normal six-well culture plates.
For each of the five individual cows used in this experimental
setup, cell culture duplicates for every experimental condition
(Table 1) were obtained. After reaching confluency (1-2 wk)
of the primary cell cultures, duplicates of ppMEC cultured on
Matrigel® and duplicates of ppMEC cultured on plastic were
treated with different proliferation media that were refreshed
every day over a 4-d treatment interval. The different treat-
ment approaches and the composition of the media are listed
in Table 1. As the differentiation media were renewed daily,
the cell culture supernatants were also collected daily and
stored at —80°C until further analysis.

Immunocytochemistry For all ppMEC used within this ex-
periment, 1 x 10% cells per cow were seeded into eight-well
LabTec chamber slides (LAB-Tek, Nunc, GmbH,
Langenselbold, Germany) in order to confirm the epithelial
character by immunocytochemistry. For the immunocyto-
chemistry (IC), pbMEC were taken from the same sample that
was also used for further treatment. The IC was conducted
according to a protocol described in Danowski et al. (2013)
and Sorg et al. (2013) using the anti-cytokeratin pan antibody
clone C-11 (1:400 in PBST; Sigma-Aldrich).

Microscopic cell viability test During the induction of
lactogenesis, the differentiation of ppMEC was monitored
using light microscopy (Leica Microsystems GmbH,
Wetzlar, Germany). In order to verify the viability of the
pbMEC involved in mammosphere formation, the ppMEC
were stained with Vybrant® DIL Cell Labeling Solution
(Life Technologies GmbH) according to the manufacturer’s
instructions. The stained ppMEC were then cultured and treat-
ed with 3 pg/ml prolactin (PRL) and 1 pg/ml hydrocortisone
(HC) (corresponds to 3D + PRL, Table 1) for respectively
4 days to potentiate the number of alveolar-like structures
present in the cell culture dishes.
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Table 1. Composition of the

different differentiation media Notation

Components

used for the induction of
lactogenesis

2D 2D Ctr
2D culture
3D 3DCtr
3D culture
3D + PRL
3D+ LYS
3D + PRL + LYS

+ + + + + + o+

DMEM ITS
F12-Ham

Prolactin 3
pg/ml

Hydrocortisone
1 pg/ml

L-lysine
1.2mM

+ + + + + o+ o+

+ o+ + o+

+

Ctr control, PRL prolactin, LYS L-lysine, /7S ITS liquid media supplement, consists of insulin, transferrin and

selenite

Proteomics and secretomics-Preparation of the cell culture
supernatants for protein quantification with LC-MS/MS
The collected cell culture supernatants of the treated sam-
ples were directly supplemented with SigmaFast™
Protease Inhibitor (Sigma-Aldrich). Cell culture superna-
tants were concentrated by filtration using Amicon®
Ultra-2 Centrifugal Filter Devices (3 kDa, Merck
Millipore, Darmstadt, Germany). In brief, the filter unit
was pre-rinsed with ddH,O (3000xg, 15 min, 4°C) to
remove remaining glycine from cellular membranes. The
cell culture supernatants of all four treatment d were
pooled, added to the filter device, and centrifuged several
times (3000xg, 20-25 min, 4°C). To recover the concen-
trated proteins, the filter unit was inverted and centrifuged
(1000%g, 2 min, 4°C). The total protein content was de-
termined with the bicinchoninic acid (BCA) assay. The
absorbance was measured photometrically at 562 nm
using a microwell plate reader (Tecan Group AG,
Mainnedorf, Switzerland) and the protein concentration
of the sample was quantified using a protein standard of
known concentration (Smith et al. 1985). The collected
cell culture concentrate was stored at —80°C.

In-solution digestion of the protein concentrate For the in-
solution digestion, 100 pg protein was added to 500 ul lysis
buffer (40 mM Tris-HCI, pH 8.0 (Merck Millipore), 8 M urea
(Roth GmbH & Co. KG, Karlsruhe, Germany). Disulfide
bonds were reduced for 45 min at 56°C by adding DTT to a
final concentration of 10 mM (AppliChem GmbH, Darmstadt,
Germany). For the alkylation of the proteins, 50 mM
chloracetamide (Sigma-Aldrich) was added and incubated
for 60 min at room temperature. The sample was diluted with
5 vol. of 40 mM Tris pH 8.0 (Roth GmbH & Co. KG) to dilute
the urea concentration below 1.5 uM. Trypsin (Promega,
Mannheim, Germany) was added in a protease/protein ratio
of 1:100 (w/w). Then, pre-digestion was performed at 37°C
for 2 h. Afterwards, trypsin was added again in a protease/
protein ratio of 1:100 and digestion was performed at 37°C

overnight. For the inactivation of trypsin, the samples were
acidified with formic acid (Merck Millipore) to pH 4.0 and
subsequently stored at —80°C.

Affinity purification For the LC-MS/MS analysis, the
digested samples were purified using a self-made column of
five Octadecyl C18 Solid Phase Extraction Disks (3M
Empore, Saint Paul, MN, 1.5 mm diameter, Sigma-Aldrich)
that were squeezed into a 200-p pipette tip. The column was
first equilibrated with 25 ul pure acetonitrile (825%g, 30 s) and
afterwards with 25 pl elution buffer (0.1% formic acid, 60%
acetonitrile, Merck Millipore) (825%g, 30 s). Those equilibra-
tion steps were followed by two further equilibrations with
100-pl desalting buffer (0.1% formic acid). The samples were
loaded onto the prepared column for several times (825xg,
3 min, reverse transcription (RT)) to assure proper binding.
Afterwards, the flow through was discarded. The column was
rinsed two times with 50 pl desalting buffer before elution was
performed with 50 pl elution buffer (0.1% formic acid, 60%
acetonitrile, Merck Millipore). The eluate was dried in a speed
vac and the lyophilisate was stored at —80°C.

Secretome measurements by LC-MS/MS Lyophilized sam-
ples were reconstituted in 20 pl of solvent A (0.1% formic
acid). LC-MS/MS measurements were performed by coupling
an Eksigent NanoLC-Ultra 1D* to an Orbitrap Velos instru-
ment. Ten microliters of dissolved peptides was delivered to
the trap column at a flow rate of 5 pl/min in loading solvent
(0.1% formic acid in water) for 10 min. Peptides were deliv-
ered to the analytical column and were separated at a flow rate
of 300 nl/min and a 110 min gradient. A gradient from 0 to
34% of solvent B was used for the separation (A = 0.1%
formic acid, 5% DMSO in H,O; B = 0.1% formic acid, 5%
DMSO in acetonitrile): 0-2 min = 0% of solvent B; 2—
100 min = 0-27% of solvent B; 100—101 min = 34-80% of
solvent B; 101-105 min = 80% of solvent B; 105—
106 min = 80-0% of solvent B; and 106110 min = 0% of
solvent B. The Orbitrap Velos was operated in data-dependent
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mode, automatically switching between MS1 and MS2. Full-
scan MS spectra were acquired at 360 m/z to 1300 m/z, 70,000
resolution, an automatic gain control (AGC) target value of
3 % 10° charges, and maximum injection time of 100 ms for
MSI. Up to 10 precursor ions were allowed for fragmentation
in tandem mass spectra. MS2 spectra were acquired at 200 m/z
to 2000 m/z, 17,500 resolution with AGC target value of
1 x 10° charges, and maximum injection time of 50 ms.
Precursor ion isolation width was set to 1.7 Th and dynamic
exclusion to 20 s.

Proteomic data analysis The quantitative proteomics soft-
ware package MaxQuant (Cox and Mann 2008) version
1.5.2.8 and its built-in Andromeda search engine (Cox
etal. 2011) were used for the identification of peptides from
raw LC-MS/MS data. Raw files were searched against the
UniProtKB Bos taurus database, version June 2015 (23,870
entries). Carbamidomethylated cysteine was set as a fixed
modification and oxidation of methionine and N-terminal
protein acetylation were allowed as variable modifications.
Enzyme specificity was set to trypsin/P, allowing for cleav-
age after proline. The minimum peptide length was set to
seven amino acids and a maximum of two missed cleavages
were allowed. The mass tolerance was set to 4.5 ppm for
precursor ions and to 20 ppm for fragment ions. The dataset
was adjusted to 1% FDR on the level of proteins and peptide
spectrum matches (PSMs). The secreted proteins were qual-
itatively evaluated using Microsoft Excel (Microsoft Inc.,
Redmond, WA), and only proteins detected with at least two
unique spectra were reported. Furthermore, a protein
interaction network was built using STRING Version 10.0
(Jensen et al. 2009) including the following parameters:
String interactions were considered if they had a combined
score of at least 0.4. Unconnected nodes were displayed for
the visual representation. The identified proteins were
grouped according to their biological function, according
to gene ontology (GO) terms using the UniProt-GOA data-
base (Huntley et al. 2015) within the EMBL-EBI QuickGo
browser (Binns et al. 2009).

Gene expression analysis-RNA extraction and reverse
transcription After the treatment of the pbMEC in 2D
and 3D cell culture with the respective media for 4 d,
pbMEC were washed with PBS and lysed in Qiazol
(Qiagen, Hilden, Germany). The RNA was extracted
using the miRNeasy Micro Kit (Qiagen), following the
manufacturer’s instructions, with an additional incubation
step for 5 min with buffer RPE after the first washing step
with buffer RPE. Three hundred nanograms of RNA was
reverse transcribed into cDNA, using the M-MLV (H-)
Point Mutant Enzyme (Promega), 10 mM dNTPs, and
50 uM random hexamer primers (Invitrogen Life
Technologies, Darmstadt, Germany). The RT reaction
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was conducted on the T-Personal Thermocycler
(Biometra, Gottingen, Germany) according to the follow-
ing protocol: annealing, 21°C, 10 min; transcription
phase, 48°C, 50 min; and degrading phase, 90°C, 2 min.
cDNA was stored at —20°C.

Primer design and RT-qPCR measurements Specific prim-
er pairs (Table 2, Sigma-Aldrich) targeting the genes coding
for milk proteins and components of the JAK-STAT and
mTOR signaling pathway were designed with Primer3web
version 4.0.0 (Koressaar and Remm 2007; Untergasser et al.
2012), based on published bovine nucleic acid sequences of
the National Center for Biotechnology Information gene da-
tabase (NCBI, National Library of Medicine, Bethesda, MD),
and used for RT-qPCR measurements on the CFX384™ Real-
Time System (Bio-Rad Laboratories GmbH, Miinchen,
Germany). For the RT-qPCR, the SsoFast™ EvaGreen®
Supermix (Bio-Rad Laboratories GmbH), VisiBlue™ qPCR
mix colorant (TATAA Biocenter, Gothenburg, Sweden),
RNase-free water, 20 uM of each primer (Sigma-Aldrich),
and 10 ng/pl cDNA were used. (Activation of the DNA poly-
merase: 95°C, 30 s; 40 cycles of cDNA denaturation: 95°C,
5 s; specific primer annealing and elongation: 54°C/60°C/
62°C, 5 s) (Table 2). The MIQE guidelines were considered
for the setup and implementation of the RT-qPCR experiments
(Bustin et al. 2009).

Data processing and evaluation of relative gene expression
data In RT-qPCR, the cycle of quantification (Cq) was record-
ed. This is the PCR cycle at which the baseline-corrected
amplification curve crosses the threshold value. The Cq values
of the analyzed genes were normalized to a validated set of
non-regulated reference genes (evaluated with Genex, Multid,
Gothenburg, Sweden), consisting of YWHAZ, GAPDH, and
KRT8 (Table 2). To obtain the dCq value, the raw Cq value
was subtracted from the average of the reference genes’ Cq.
The dCq of the treated sample was subtracted from the dCq of
the control sample to result in the ddCq value. Fold changes of
gene expression were determined according to the 2*(—ddCq)
method for each biological sample (Livak and Schmittgen
2001). Subsequently, the arithmetic mean of the replicates of
each experimental group was calculated. The standard error of
the mean (SEM) was determined by dividing the standard
deviation of the samples by the square root of the sample size.
Two different calculations were conducted. First of all, in or-
der to obtain the differences between the 2D and the 3D cell
culture approaches, the dCq value of pbMEC cultivated in 2D
cell culture was in this case used to calculate the ddCq
[ddCq = dCq(2D) — dCq(3D variations)]. This resulted in
ddCq values that were used for the determination of the fold
changes. For the statistical analysis, a paired ¢ test was used,
and the dCq values of the 3D cell culture approaches were
compared to the dCq values of the 2D cell culture (Sigma-Plot
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Table 2.  Primer pairs for RT-qPCR measurements
Gene name NCBI reference Primer sequence (5'-3") L [bp]®
sequence number Forward
Reverse
Reference genes
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase NM_174814.2 CAGGCTGAGCGATATGATGA 141
activation protein zeta polypeptide (YWHAZ) GACCCTCCAAGATGACCTAC
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) NM_001034034.1 GTCTTCACTACCATGGAGAAGG 197
TCATGGATGACCTTGGCCAG
Keratin 8 (KRTS) NM 001033610 TGGTGGAGGACTTCAAGACC 215

CGTGTCAGAAATCTGAGACTGC

Milk protein genes
«g;-casein (CSNISI) NM 181029.2 AGCACCAAGGACTCCCTCAAGAAG 257
CAGGTAACGCTCAGAGGGCAC
B-casein (CSN2)° NM 181008.2 GGCTATGGCTCCTAAGCACA 163
AGTTGGAGGAAGAGGCTGGT
k-casein (CSN3)* NM_174294.1 TGCAATGATGAAGAGTTTTTTCCTAG 151

JAK-STAT pathway

GATTGGGATATATTTGGCTATTTTGT

Runt-related transcription factor 2 (RUNX2) XM_002684501.1 ACCATGGTGGAGATCATCG 207
CCGGAGCTCAGCAGAATAA

YY1 transcription factor (YY1) NM_001098081.1  GCTTGCCCTCATAAAGGCTGCACA 192
GCAGCCTTCGAACGTGCACTGA

Signal transducer and activator of transcription SA (STAT5A) NM 001012673.1 GTGAAGCCACAGATCAAGCA 176
TCGAATTCTCCATCCTGGTC

Janus kinase 2 (JAK?2) XM_865133.2 TCTGGTATCCACCCAACCATGTCT 201
AATCATGCCGCCACTGAGCAA

E74-like factor 5 (ELFY5) NM_001024569.1  ATACTGGACGAAGCGCCACGTC 134
ACTCCTCCTGTGTCATGCCGCA

CCAAT/enhancer binding protein, beta (CEBPB) NM_176788.1 GCACAGCGACGAGTACAAGA 152
GTTGCTCCACCTTCTTCTGG

Prolactin receptor (PRLR) NM_001039726.1 CATGGTGACCTGCATCCTC 172
ACCCTCATGCCTCTCACATC

mTOR pathway

Eukaryotic translation initiation factor 4E binding protein 1 NM 001077893.1 GAACTCACCTGTGACCAAGA 157

(EIF4EBPI) CTCAAACTGTGACTCTTCACC

Ribosomal protein S6 kinase, 70 kDa, polypeptide 1 (RPS6KBI) ~ NM_205816.1 GGCAGCCCACGAACACCTGT 96
AGGCGTCTGCGGATTTGCCG

v-akt murine thymoma viral oncogene homolog 1 (AKT17) NM_173986.2 GATCACCGACTTCGGACTGT 202
CTTCTCGTGGTCCTGGTTGT

* Amplicon length
® Annealing temperature 62°C

¢ Annealing temperature 54°C

12.0, Systat Software GmbH, Erkrath, Germany). Therefore,
distinct (Y0.05 < p < 0.10) and significant changes (*p < 0.05;
**p <0.01; **%p <0.001) always referred to the dCq values of
pbMEC cultivated in 2D cell culture. The second calculation
was conducted in order to determine changes in gene expres-
sion between the 3D cell culture control and the different
treatment approaches in 3D cell culture. In this case, the dCq
value of ppMEC cultivated in 3D cell culture was used to
calculate the ddCq values for the 3D treatment approaches
[ddCq = dCq(3D control) — dCq(3D treatments)]. For the
statistical analysis, a one-factorial ANOVA on repeated mea-
surements was used for the dCq values of the different treat-
ment approaches in 3D cell culture (Sigma-Plot 12.0, Systat

Software GmbH). Furthermore, the Tukey test method was
applied for the pairwise multiple comparison procedure.

Results

Evaluation of the epithelial character Because of the low
abundance of ppMEC in milk and the therefore limited dispos-
ability of ppMEC within our experiments, we decided to verify
only the overall epithelial character of our cells using the
monoclonal mouse anti-cytokeratin pan antibody clone C-11
(1:400 in PBST, Sigma-Aldrich). All ppMEC cultures were
positively stained for the monoclonal mouse anti-cytokeratin
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pan antibody clone C-11 following the method described in
Danowski et al. (2013) and Sorg et al. (2013) (Fig. 1).

Mammosphere development and cell viability test The de-
velopment of mammospheres was observed from day 1 till
day 4 (Fig. 2B), when ppbMEC were cultured in 3D cell culture
on Matrigel® coated six-well plates and treated with HC and
PRL. By contrast, ppMEC that were cultured on the plastic
surface of the tissue culture plates only formed a cell mono-
layer, although the pbMEC received the same treatment
(Fig. 2A). Due to the Vybrant® DIL Cell Labeling approach,
it was shown that the observed alveolar-like structures, which
further grew during 4 d of induction, consisted of proliferat-
ing, functional cells as a fluorescent signal of each cell, con-
tributing to the alveolar-like structure, was determined via
microscopy (Fig. 2C, D).

Effect of 3D cell culture and the treatment with lactogenic
substances on the gene expression profile of ppMEC-
Induction of milk protein gene expression We showed that
the expression of genes coding for milk proteins was induced
due to the cultivation of ppMEC on Matrigel®. When com-
pared to the 2D cell culture, the expression of the gene coding
for the milk protein «S1-casein (CSN1S1) was significantly
induced and up-regulated in 3D cell culture (Fig. 3A). There
was also a significant difference in CSN1S1 gene expression
when the different treatment approaches in 3D cell culture
were compared. Especially the treatment with only PRL (3D
+ PRL) and only L-lysine (3D + LYS) resulted in an induced
expression of the gene coding for CSN1S1 when compared to
the Matrigel® control (Table 3). Furthermore, the expression
ofthe genes coding for k-casein (CSN3) and [3-casein (CSN2)
was strongly affected by the cultivation of ppMEC in 3D cell
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Figure 1. Anti-pan cytokeratin positively stained pbMEC (magnification
x200). The insert shows the negative control (magnification x100). The IC

was successfully conducted, as the cobblestone-like morphology and the
epithelial character were confirmed
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culture; however, the induction was not statistically significant
(Fig. 3A) due to high variations in gene expression from dif-
ferent animals. Additionally, it was shown that the expression
of the gene coding for CSN3 was responsive to PRL, when
compared to the Matrigel® control (Table 3).

Induction of the JAK-STAT signaling pathway
Furthermore, the effect of 3D cell culture and lactogenic hor-
mones on components of the janus kinase/signal transducers
and activators of transcription (JAK-STAT) signaling pathway
was evaluated. The genes coding for the prolactin receptor
(PRLR), JAK2, and RUNX2 were not differentially expressed
in our experiment (Table 3). We showed that the expression of
the gene coding for STATSA was strongly induced through the
cultivation of pbMEC in 3D cell culture; however, no significant
changes were determined (Fig. 3B) due to high variations in gene
expression of the five independent biological replicates. The ad-
ditional treatment of ppMEC cultured on Matrigel® with lacto-
genic hormones did not result in any differential gene expression
when compared to the Matrigel® control (Table 3). The gene
coding for the transcription factor ELF5 showed a similar expres-
sion pattern to the gene coding for STATSA with a generally
higher but also not statistically significant up-regulation of the
gene expression due to the cultivation on Matrigel® (Fig. 3B).
CEBPB gene expression was significantly induced in ppMEC
cultured on Matrigel® when compared to 2D cell culture
(Fig. 3C). However, no effect on CEBPB gene expression was
determined due to the addition of PRL and/or LYS. The gene
expression of the transcription factor YY1 was significantly up-
regulated in all treatment groups in ppMEC cultivated in 3D cell
culture when compared to 2D cell culture (Fig. 3C).

Induction of the mTOR signaling pathway As the mTOR
signaling pathway also contributes to the induction of milk
protein gene expression, the expression of genes coding for
the pathway components RPS6KB1, EIF4AEBP1, and AKT1
was evaluated. EIF4EBP1 gene expression was induced due
to the cultivation of ppMEC on Matrigel®. However, no sig-
nificant induction of the gene expression was demonstrated
(Fig. 3D). By contrast, the genes coding for RPS6KB1land
AKT1 were significantly altered by the 3D cell culture ap-
proach (Fig. 3D). The expression of both genes was signifi-
cantly induced due to the cultivation of ppMEC on Matrigel®
(Fig. 3D). A differential gene expression for AKT1 was de-
tected when the different treatment approaches in 3D cell cul-
ture were compared using a one-factorial ANOVA on repeated
measurements (Table 3).

Detection of secreted proteins through LC-MS/MS analy-
sis of cell culture supernatants The cell culture supernatants
of ppMEC cultured on Matrigel® were collected and the
secretome (secreted proteins) was analyzed using a qualitative
LC-MS/MS measurement approach. It was possible to clearly
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Figure 2. Development of mammospheres in 3D cell culture. ppMEC
were cultured on 2.4 mg/ml Matrigel® (Comning Inc.) and treated with
differentiation medium containing hydrocortisone and prolactin for up to
4 d. (A) ppbMEC cultivated on the plastic surface of six-well tissue culture
plates only formed a monolayer culture of ppMEC during the treatment
period. (B) Whereby, ppMEC cultured on 2.4 mg/ml Matrigel® (Corning
Inc.) further differentiated when treated with HC and PRL. This resulted
in the development of alveolar-like structures over a period of 4 d. Arrows

identify 56 proteins with more than 2 unique spectra (Tables S1
and 4 and Fig. 4). Those proteins were only present in cell
culture supernatants of ppMEC cultures, as no unique spectra
were determined in the medium control (Matrigel® + medium,
without cells) for the multiple biological replicates. Among the
secreted proteins, the milk and whey proteins xS1-casein
(CSN1S1), B-casein (CSN2), a-lactalbumin (LALBA), and
[3-lactoglobulin (BLG) were found as well as proteins involved
in cell proliferation and differentiation like 14-3-3 protein sig-
ma (SFN), transgelin-2 (TAGLN?2), galectin (LGALS3), colo-
ny stimulating factor 1 (CSF1), and transforming growth factor
beta-induced protein ig-h3 (TGFBI1). Additionally, proteins
involved in cytoskeletal organization and reconstruction (al-
pha-actinin-1 (ACTN1), calponin-2 (CNN2), fascin actin-
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indicate the areas where alveolar-like structures were formed. (C), (D)
Confirmation of the viability of pbMEC within the alveolar-like struc-
tures using a live staining with the fluorescent dye Vybrant® DIL Cell
Labeling Solution (Life Technologies GmbH) after 3 and 4 d of differen-
tiation. The strong fluorescence signal of ppMEC, contributing to the
alveolar-like structures, confirmed the active proliferation of pbMEC
contributing to the formation of mammospheres (magnification: A—C:
x100; D: x200)

bundling protein 1 (FSCN1), Cofilin-1 (CFL1)) and immune
response (beta-2-microglobulin (B2M), lactotransferrin (LTF),
C-X-C motif chemokine 3 (CXCL3), C-X-C motif chemokine
6 (CXCL®6), secretogranin-2 (SCG2), protein S100-A8
(S100A8)) were identified. In Table S1, further identified pro-
teins of the before mentioned subcategories as well as proteins
involved in protein folding, proteolysis, and translation are
listed (Appendix, Table S1).

Discussion

This is one of the first studies dealing with the establishment
of a functional 3D cell culture model of ppMEC isolated from

@ Springer



HILLREINER ET AL.

A
512.00 =
256.00 - 3
o
128.00 = I
. 6400 .ﬁ S :
E 3200 : .T“ éﬁ L ﬁ WCSNIS 1
2 1600 ' g : T zCsN2
C - ﬁ S wmosna
LEL L
2.00 i W 7
1.00 éﬁ ; ,/;.ﬁ i //}2& ~
3D+PRL  3D+LYS  3Dculture
C
400
b =
“ 1
1
1.00 % 4

D +LYS 30 culture

30 + Pri+Lys

Figure 3. Fold changes of milk protein gene expression (A) and genes
coding for components of the JAK-STAT pathway (B, C). Gene expres-
sion values were calculated based on the 2”99 method of Livak and
Schmittgen (2001), whereby the dCq value of ppMEC cultivated in 2D
cell culture was in this case used to calculate the ddCq values that were
used for the determination of the fold changes. Therefore, distinct
(0.05 < p < 0.10) and significant changes indicated in the graphs
(*p <0.05, **p < 0.01, *** p <0.001) always referred to the dCq values
of ppMEC cultivated in 2D cell culture. (A) The gene expression of
CSNS1 («S1-casein) was distinctly and significantly altered due to the
3D cell culture of ppMEC. CSN3 (k-casein) gene expression was also

fresh cow milk, sampled non-invasively. This study explicitly
describes the reaction of in vivo-like primary cells, on the
presence of an extracellular matrix-like scaffold in vitro, and
the supplementation with the lactogenic hormone PRL and/or
the amino acid LYS. The effect described here is not compa-
rable with the effect of lactogenic hormones on stable cell
lines. It is already known that those stable cell lines have lost
most of their in vivo characteristics during the transformation
process in vitro (Jedrzejczak and Szatkowska 2014).
Furthermore, within experiments with stable cell lines, no ef-
fect of inter-animal variation has to be expected on the exper-
imental outcome. By contrast, we worked with primary cells,
obtained from five different animals. As every animal is fairly
different also, the primary cells obtained for the experiments
show a diverse response towards the different treatment ap-
proaches. This is likely to lead to high standard deviations and
therefore less significant changes in gene expression. The re-
sults are nevertheless more likely to be better transferable
when compared to results obtained with stable cell lines.
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induced through the cultivation on Matrigel®; however, no significant
changes could be calculated in the paired ¢ test. (B) The genes coding for
STATSA and ELF5 components of the JAK/STAT pathway showed an
up-regulation of the gene expression, which however was not statistically
significant. (C) The expression of the genes coding for CEBPBand YY1,
also components of the JAK/STAT pathway, were both significantly in-
duced due to the cultivation of ppMEC on Matrigel®. (D) The expression
of genes coding for the mTOR pathway components RPS6KBI1 and
AKT1 was also differentially regulated due to the cultivation of ppMEC
on Matrigel®

One main task of ppMEC in vivo is the production and secretion
of milk and whey proteins. The maintenance of this ability
in vitro is a great evidence of the viability and functionality of
these mammary epithelial cells. We therefore tried to maintain
this in vivo architecture and characteristic of ppMEC. The con-
centration of the supplements (PRL =3 pg/ml, HC = 1 pug/ml,
and L-LYS = 1.2 mM) was selected according to previous stud-
ies of Riley et al. (2010), Koztowski et al. (2011), and Lu et al.
(2012).

The advantages of the milk cell extraction method The first
successful 2D cell culture of ppMEC extracted from fresh
milk was established by Buehring (1990). Despite of working
with primary cells from tissue biopsies or with stable cell
lines, Buehring (1990) demonstrated that the milk cell extrac-
tion method is a good alternative to other more invasive
methods, especially, when primary cells are favored for the
experimental work (BuehringC). It has been shown that
pbMEC that are physiologically shed into the milk during
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Table3. Fold changes of ppMEC cultured in 3D cell culture compared
to the untreated 3D cell culture control
Genes 3D+Pr®  3D+LYS® 3D+Prl+LYS®
Milk protein genes
CSNI1S1 Fold 3.01 A 430 B 1.62 AB
SEM 0.73 1.07 0.63
CSN2 Fold 3.33 0.84 3.83
SEM 1.19 0.20 2.88
CSN3 Fold 11.09 A** 429 B 445 AB
SEM 4.8 223 2.60
JAK-STAT pathway
PRLR Fold 3.32 3.15 345
SEM 148 2.03 1.40
JAK2 Fold 1.34 1.19 1.10
SEM 035 0.23 0.22
STATSA  Fold 1.17 1.31 0.83
SEM 0.24 0.29 0.11
ELF5 Fold 2.05 3.18 0.85
SEM  0.69 1.10 0.24
CEBPB Fold 2.05 318 = 0.89
SEM  0.69 1.10 0.24
RUNX2 Fold 1.10 1.20 1.02
SEM 0.46 0.25 0.27
YYI Fold 1.05 1.01 0.78 —*
SEM 0.23 0.12 0.09
mTOR pathway
EIF4EBP1 Fold 1.42 1.05 0.91
SEM 0.46 0.20 0.12
RPS6KB1 Fold 1.08 0.91 0.89
SEM 0.27 0.09 0.10
AKT1 Fold 134 —** 0.94 0.82
SEM 0.55 0.20 0.12

The effect of the different treatment approaches was investigated in 3D
cell culture. For the statistical analysis of the different treatment ap-
proaches, a one-factorial ANOVA on repeated measurements with a post
hoc pairwise comparison including the Tukey test for an adjustment of the
p values for multiple testing was conducted. Uppercase letters indicate
significant differences between the different treatment approaches in 3D
cell culture. Differences between the 3D cell culture control and the dif-
ferent treatment approaches are indicated as stars

*p < 0.05, #¥p < 0.01, *#4p < 0.001, ¥0.05<p <0.10

#3D + PRL = 3D cell culture on 2.4 mg/ml Matrigel®, DMEM-F12 Ham
+ ITS + hydrocortisone + prolactin

3D+ LYS = 3D cell culture on 2.4 mg/ml Matrigel®, DMEM-F12 Ham
+ ITS + hydrocortisone + L-lysine

“3D + PRL + LYS = 3D cell culture on 2.4 mg/ml Matrigel®, DMEM-
F12 Ham + ITS + hydrocortisone + prolactin + L-lysine

the lactation process do have important advantages when
compared to cells obtained from tissue biopsies (Sorg et al.
2012). The animal welfare as well as the practicability of the
cell isolation strategy are in the foreground. Therefore, no

additional stressor is added to the daily routine of the animal.
Furthermore, there is the possibility to obtain ppMEC from one
animal throughout the whole lactation period and during dif-
ferent treatment approaches. Additionally, it has been shown
that the severe problem of cross-contamination with fibroblasts
can be strictly avoided (Sorg et al. 2012). They are an impor-
tant source for the investigation of cell metabolism, cell mor-
phology, or immunological responses (Boutinaud et al. 2008).
Sorg et al. (2012) showed that ppMEC extracted from milk
maintained the ability to secrete cholesterol in vitro.
Furthermore, the ppMEC were capable to better and longer
maintain the in vivo-like gene expression profile, when com-
pared to tissue-derived ppMEC (Sorg et al. 2012).

Maintenance of a polarized ppbMEC phenotype in 3D cell
culture Until now, most of the cell culture experiments with
pbMEC were conducted in 2D cell culture approaches, where
pbMEC were cultured on the plastic surfaces of tissue culture
plates (Kozlowski et al. 2009). However, ppMEC cultured
under these conditions only form monolayers. It is very diffi-
cult to transfer results, obtained under those simplified condi-
tions, to a whole organ or organism (Pampaloni et al. 2007;
Kozlowski et al. 2009). As the cells are separated from their
cellular environment, they lose their tissue-specific architec-
ture. This results in the loss of several important in vivo char-
acteristics, as for example a coordinated cell-cell communica-
tion (Pampaloni et al. 2007; Kozlowski et al. 2009). The cul-
tivation of cells in 3D cell culture however attempts to close
the gap between 2D cell culture and the physiological tissue
(Pampaloni et al. 2007). Therefore, cells are cultivated in or on
top of scaffolds that mimic the composition of the extracellu-
lar matrix. The commercially available extracellular matrix-
like scaffold Matrigel®, for example, consists of laminin
(60%), collagen IV (30%), entactin (8%), heparin sulfate pro-
teoglycan, and several growth factors (Coming Inc.). It has
already been shown that cells cultivated in 3D cell culture
characteristically changed their behavior and showed more
natural and normal physiological properties (Pampaloni
et al. 2007). The stress response declined and cells with a
tissue-specific polarized phenotype were obtained
(Pampaloni et al. 2007; Bissell et al. 2003). Furthermore, a
tissue-like organization and a significantly induced cell prolif-
eration level were detected within those 3D cell culture ap-
proaches, when compared to 2D cell culture (Kleinman et al.
2003; Kozlowski et al. 2009). For the cultivation of ppMEC in
3D cell culture, it was shown that they were able to recapitu-
late several morphological characteristics they normally only
exhibit in vivo (Rose et al. 2002; Koztowski et al. 2011;
Mongzani et al. 2011). The reticular-like structure of the poly-
merized Matrigel® enables a 3D orientation of the ppMEC
resulting in a polarized phenotype, so that cells with an
apico-basal polarity can be obtained in vitro (Barcellos-Hoff
et al. 1989). The ppMEC are hence able to reorganize in
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Table 4. Secreted proteins—evaluated with LC-MS/MS
measurements
Identified protein Uniprot ID Gen
Onset of lactation
Alpha-S1-casein P02662 CSN1S1
Beta-casein P02666 CSN2
Alpha-lactalbumin P00711 LALBA
Beta-lactoglobulin P02754 PAEP
Fatty acid synthase FIN647 FASN
14-3-3 protein sigma QOVC36 SFN
Cell proliferation and differentiation
Transgelin-2 Q5E9F5 TAGLN2
Galectin A6QLZ0 LGALS3
Transforming growth factor FIMBS3 TGFBI1
beta-induced protein ig-h3
Cytoskeletal organization
Alpha-actinin-1 Q3B7N2 ACTNI
Calponin-2 Q3SYU6 CNN2
Fascin actin-bundling protein 1 Q3MHKO9 FSCNI1
Cofilin-1 QS5E9F7 CFL1
Immune system
Beta-2-microglobulin P01888 B2M
Lactotransferrin P24627 LTF
C-X-C motif chemokine 3 FIMD23 CXCL3
C-X-C motif chemokine 6 P80221 CXCL6
Secretogranin-2 P20616 SCG2
Protein S100-A8 P28782 S100A8

tubular- and alveolar-like structures (Weaver et al. 2002;
Debnath et al. 2003; Koztowski et al. 2011). In our study,
we also showed that ppMEC formed so-called
mammospheres upon cultivation on Matrigel® and under
treatment with lactogenic hormones. Due to a cell viability
staining with the fluorescent cell labeling dye Vybrant®
DIL, we further demonstrated that ppMEC participating in
the formation of those alveolar-like structures were proliferat-
ing and physiologically functional. For our 3D cell culture
approach, it was necessary to supplement the glucocorticoid
hydrocortisone in all treatment approaches. This glucocorti-
coid is required in the bovine mammary gland to induce the
differentiation of the alveolar system (Tucker 2000).

3D cell culture of ppMEC maintains milk protein gene
expression and activity of underlying gene expression
pathways-Milk protein gene expression ppMEC are known
to contribute to the bovine milk production and hence compo-
sition. Caseins and whey proteins are the main proteins present
in bovine milk (Cerbulis and Farrell 1975; Rimbach et al. 2010;
Stelwagen 2011). In general, the composition of milk depends
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on the cow’s breed, breeding season, stage of lactation, feed-
ing, and external influences and therefore often varies
(Rimbach et al. 2010; Mansson 2008). The caseins are classi-
fied as «S1-, «S2-, 3-, and k-caseins (Stelwagen 2011). In our
study, «S1-, [3-, and k-casein were evaluated using RT-qPCR.
The milk protein gene expression was in our study mainly
induced due to the cultivation of the ppMEC on the ECM-
like scaffold Matrigel®. Additionally, the different treatment
approaches (PRL and/or LYS) did also alter the expression of
all milk protein genes. The gene coding for «S1-casein
(CSN1S1) was responsive to PRL and to LYS. The combina-
tion of both factors however did not result in any differential
gene expression. This trend has also been shown, by Riley et al.
(2010). They were also able to show that an appropriate
ECM-like scaffold, like Matrigel®, is essential for the forma-
tion of mammospheres and that PRL induced the expression
of the gene coding for «S1-casein. The strong but however
not statistically significant induction of 3- and k-casein gene
expression was in accordance with studies of Riley et al.
(2010) and Koztowski et al. (2011). Koztowski et al. (2011)
showed that the BME-UV1 cell line, when cultivated on
Matrigel®, produced high amounts of 3-casein even in the
absence of PRL. They showed evidence that the expression
of 3-casein on post-transcriptional level did not significantly
differ between cells grown on Matrigel® in the presence or
absence of PRL. Furthermore, Schmidhauser et al. (1992)
revealed that milk protein gene expression mainly depends
on cell interactions with the basement membrane, as an
ECM response element exists on the promotor region of the
[3-casein gene. Our results are therefore in agreement with
previous studies already published in this research field. We
also showed the stimulating effect of the ECM and the lacto-
genic hormone PRL on the induction of milk protein gene
expression and hence, supposedly, milk protein production.

JAK/STAT signaling pathway Due to hormone receptors,
the mammary epithelium is able to directly respond to PRL.
As those receptors are members of the cytokine receptor su-
perfamily and associate with the Janus kinase (JAK) family of
tyrosine kinases (Capuco and Akers 2011), the effect of 3D
cell culture and the treatment with lactogenic hormones on the
gene expression of components of the JAK-STAT pathway
was examined. Our results were in accordance with a study
of Bionaz and Loor (2011). We also showed that the expres-
sion of the gene coding for the prolactin receptor (PRLR) and
the kinase JAK2 were not affected due to 3D cell culture and
the addition of lactogenic hormones (Bionaz and Loor 2011).
The transcription factor STATSA is an essential regulator of
mammary gland development and responsible for prolactin
signaling, alveolar development, and milk protein gene ex-
pression (Bionaz and Loor 2011; Liu et al. 2012). Therefore,
a pronounced effect of the 3D cell culture as well as the treat-
ment with lactogenic hormones was expected. We indeed
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Milk and whey

proteins 7

Figure 4. Secreted proteins by pbMEC cultured in 3D cell culture: The
protein association network was generated with String 10 (Jensen et al.
2009), whereby disconnected nodes are not shown. Proteins with similar
biological functions (EMBL-EBI, QuickGO browser, gene ontology)
were clustered together. Among the secreted proteins, milk and whey

detected a slightly increased expression of the gene coding for
STATSA due to the cultivation of ppMEC on Matrigel®. This
matched with the increased expression of genes coding for
CSN1S1, CSN2, and CSN3. In order to form a stable activa-
tion complex on the (3-casein promotor to induce transcrip-
tional activation, protein-protein interactions between
STATSA and CEBPB are required (Rosen et al. 1999).
Therefore, it is already known that CEBPB plays a fundamen-
tal role in the regulation of CSN2 gene expression (Doppler
et al. 1995). The gene expression of CSN2 was induced
through the cultivation on Matrigel® as well as through the
stimulation with lactogenic hormones and/or LYS in our
study. Therefore, it was expected that the gene expression of
CEBPB was also induced due to these cultivation and treat-
ment approaches. We demonstrated that CEBPB gene
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proteins (red), proteins that promote cell proliferation and differentiation
(green), proteins that induce cytoskeletal organization (purple), and pro-
teins involved in protein folding were identified among others, using LC-
MS/MS measurements.

expression was only affected due to the cultivation of
pbMEC on Matrigel® but was not influenced by the addition
of'the lactogenic hormone PRL. This finding can be compared
to a study of Doppler et al. (1995). They showed that the
CEBPB expression in mouse mammary epithelial cells was
not altered on post-transcriptional level by the presence of
lactogenic hormones. However, they were not able to give
evidence about the effect of 3D cell culture, as they only
utilized a 2D cell culture approach. The multifunctional tran-
scription factor YY1 is known to either activate or repress
transcription of milk proteins (Rosen et al. 1999). The CSN2
promotor therefore contains a negative regulatory region,
where YY1 is able to bind in the absence of lactogenic hor-
mones (Rosen et al. 1999). We demonstrated that YY1 gene
expression was significantly up-regulated in all treatment
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groups when pbMEC cultured in 3D cell culture were com-
pared to ppbMEC cultured in 2D cell culture. Remarkably, the
challenge with PRL and LYS together induced a significant
down-regulation of the gene expression of YY1 when com-
pared to the Matrigel® control. The treatments with only PRL
or LY'S did not show any effect on YY1 gene expression when
compared to the Matrigel® control. Sigl et al. (2014) demon-
strated that the gene expression of YY1 did not differ signif-
icantly during lactation and concluded that YY1 seems to
have only little importance in the milk protein gene
expression.

mTOR pathway The mTOR pathway and its components
play an essential role in the promotion of cellular metabolism
and tissue growth. Components of the pathway act as regula-
tors of protein synthesis at transcriptional and translational
level (Bionaz and Loor 2011). The mTOR pathway can be
activated due to the presence of essential amino acids, like
LYS, and other extracellular signals, like insulin (Bionaz and
Loor 2011). We investigated several components of the
mTOR pathway concerning their responsiveness to 3D cell
culture and the treatment with the lactogenic hormone PRL
and the essential amino acid LYS. The most responsive gene
was the gene coding for RPS6KB1. This kinase is known to
phosphorylate the ribosomal protein S6 and therefore pro-
motes the initiation of protein biosynthesis (Bishop et al.
2006; Yang et al. 2008; Bionaz and Loor 2011). In our study,
the differential expression of RPS6KB1 was induced due to the
cultivation of ppMEC in 3D cell culture and not through the
different treatment approaches. It has already been discussed
that an increased phosphorylation of S6 through RPS6KB1
correlates with an increased milk protein synthesis (Hayashi
et al. 2009) and hence the onset of lactation (Toerien and Cant
2007). The gene expression of AKT1, another initiator kinase
of the mTOR pathway, was expected to be up-regulated
through the lactogenesis-inducing treatments. The study of
Burgos et al. (2010) demonstrated that the treatment of bovine
mammary acini with hydrocortisone, prolactin, and insulin in-
creased the phosphorylation of AKT1 and therefore induced
milk protein synthesis. However, the expression of the gene
coding for AKT1 was only significantly up-regulated upon
cultivation of the ppMEC in 3D cell culture. No differential
gene expression due to the different treatment approaches was
detected when compared to the Matrigel® control. The same
trend was demonstrated for the expression of the gene coding
for the downstream effector molecule EIF4AEBPI1. The
phoshporylation of this downstream effector molecule leads
to the formation of the elF4E complex which furthermore
results in an enhanced milk protein synthesis in ppbMEC
(Bionaz and Loor 2011; Hayashi and Proud 2007; Yang et al.
2008). Other studies that used 2D culture approaches and ex-
plant cultures described an induction of EIFAEBP1 activity up-
on stimulation of the mammary gland with lactogenic
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hormones (Toerien and Cant 2007) and essential amino acids
(Burgos et al. 2010). By contrast within our experiments, an
increased EIF4EBP1 gene expression was only detected due to
the 3D cell culture approach. We assume, that in our case, the
effect of the ECM-like scaffold surpassed the effect of the lac-
togenic hormones.

Secretomics The RT-qPCR measurements demonstrated the
onset of gene expression of several genes related to lactation.
We however wanted to additionally evaluate whether an in-
creased gene expression also resulted in the secretion of pro-
teins involved in lactogenesis and cell differentiation. In order
to further verify the functionality of ppMEC in vitro, we eval-
uated the secretome of ppMEC cultured in 3D cell culture
using a LC-MS/MS approach. Only the secretome of
pbMEC cultured on Matrigel® was qualitatively evaluated.
A quantitative evaluation of differences between the 2D cell
culture and 3D cell culture approach and the different treat-
ments in 3D cell culture was not possible, as the inter-animal
variations were too prominent. In order to explicitly and quan-
titatively discuss the differences in the secretome of ppMEC
from 3D cell culture and 2D cell culture, an experimental
setup with stable cell lines should possibly be used. This could
guarantee high reproducibility between the samples and hence
the LC-MS/MS measurements. However, we successfully
confirmed that ppMEC in 3D cell culture were able to secrete
various proteins. Those proteins are known to be involved in
lactation, cell proliferation, cell differentiation, immunity, pro-
tein folding, and proteolysis indicating that they were fully
functional when cultivated on Matrigel®. This in fact means
that the 3D cell cultures of ppMEC were functional in terms of
the production of certain proteins. However, on the basis of
the protein expression data, we were not able to demonstrate
that the 3D cell cultures were more functional than the 2D cell
cultures of pbMEC.

Onset of lactation The main milk (CSN1S1, CSN2) and
whey proteins (LALB, LGB) were detected in the cell culture
supernatants by LC-MS/MS. Therefore, the onset of CSN1S1,
CSN2, and CSN3 gene expression, which had been evaluated
with RT-qPCR measurement, was validated on the protein
level. Furthermore, we detected the secretion of the fatty acid
synthase FASN into the cell culture medium. It is already
known that lactogenesis is characterized by a dramatic up-
regulation in expression of genes associated with fatty acid
uptake (Bionaz and Loor 2008). Accordingly, also the expres-
sion of genes involved in fatty acid de novo synthesis, like
FASN, is up-regulated in the early phase of lactation (Bionaz
and Loor 2008). The secreted SFN (14-3-3 o) protein could
also be important for the induction of lactogenesis and milk
protein production. SFN is an isoform of the 14-3-3 protein
family (Aitken 1996). It is known that those proteins are in-
volved in several biological processes including cell growth,
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cell cycle, and signal transduction (Morrison 1994; Aitken
1996; Pawson and Scott 1997). Furthermore, Beck and Hall
(1999) and Mori et al. (2000) showed that 14-3-3 proteins
positively regulate the mTOR pathway and therefore promote
the production of milk proteins. Additionally, it has been
shown that the 14-3-3 ¢ isoform is only expressed in epithelial
cells (Fu et al. 2000). Therefore, we postulate that the produc-
tion of SFN in pbMEC and the secretion in the surrounding
cell culture medium may have a positive impact on the initi-
ation of lactation.

Cell proliferation and differentiation It was also possible to
detect proteins involved in epithelial cell differentiation and
polarization. We detected galectin (LGALS3) that is known to
be important during mammary gland remodeling in the mouse
alveolar system (Mengwasser et al. 2002). Furthermore,
TGFBI that is known to be involved in cell adhesion and
ECM organization during mammary remodeling was identi-
fied (De Vries et al. 2011). De Vries et al. (2011) and Musters
et al. (2004) showed that TGFBI1 is required to induce the
remodeling of the mammary gland of dairy cows, as a coor-
dinated change in stromal and epithelial tissue is required
during the remodeling process. TGFB1 regulates the expres-
sion of ECM proteins and proteases and is known to have cell-
type dependent effects on proliferation. Therefore, Musters
et al. (2004) concluded that TGFBI selectively acts on the
stromal compartment of the bovine mammary gland, resulting
in cell proliferation and conversion of fibroblasts into
myofibroblasts, promoting the formation of the alveolar
system.

Cytoskeletal organization It is known that adhesion to the
ECM is crucial for the regulation of the differentiated state of
epithelial cells in the mammary gland (Roskelley et al. 1995;
Streuli and Edwards 1998). In vivo, the mammary epithelial
cells are connected to a specialized ECM, the so-called base-
ment membrane (Prince et al. 2002). It has already been
shown that the ECM protein laminin is of great importance
in the case of ppMEC differentiation and the induction of milk
protein gene expression (Streuli et al. 1995). One of the main
components of Matrigel® that was used as ECM-like scaffold
within our experiments is laminin (60%). The ppbMEC were
therefore able to interact with the laminin present in the scaf-
fold, like in vivo, via integrins in the epithelial cell membrane.
It has already been proved that integrins actively influence the
cellular differentiation via the activation of enzymatic signal-
ing molecules (Aplin and Juliano 1999; Assoian and Schwartz
2001; van der Flier and Sonnenberg 2001). Alternatively, it is
discussed that the adhesion of ppMEC to the ECM through
the actin cytoskeleton is another possibility to control the cell
phenotype indirectly through a receptor-mediated signaling
via the cytoskeleton (Aplin and Juliano 1999; Zoubiane
et al. 2004). Zoubiane et al. (2004) further showed that an

intact cytoskeleton is crucial for mammary epithelial cell dif-
ferentiation and the regulation of milk protein gene expres-
sion, as the cytoskeleton is responsible for the delivery of the
transcription factor STATS to the nucleus. We were able to
detect several proteins involved in cytoskeletal and especially
in actin filament organization (cofilin-1, calponin-2, alpha-
actinin-1), cytoskeletal anchoring to the plasma membrane
(dystroglycan), and establishment of apical-basal polarity
(FSCN1), indicating the presence of fully differentiated and
functional ppMEC in vitro.

Immune system It is already known that ppMEC, besides
their main task to produce milk and whey proteins, also
contribute to the innate immune system. We ascertained
the production and secretion of the humoral immune fac-
tors B2M and LTF. LTF is an iron binding glycoprotein that
is mainly produced by glandular epithelial cells and is
found in many physiological fluids including milk (Van
Hooijdonk et al. 2000). The protein is known for its effec-
tive antimicrobial, antiviral, and immunomodulatory activ-
ities (Caccavo et al. 2002). Wellnitz et al. (2006),
Griesbeck-Zilch et al. (2008), and Sorg et al. (2013) already
showed that the expression of the gene coding for LTF is
responsive to the stimulation with gram-negative bacteria.
Our findings that ppMEC are capable to permanently pro-
duce and secrete LTF are in accordance with Sorg et al.
(2013), who showed that LTF can also be detected in the
cell culture supernatant using ELISA measurements. We
further showed evidence for the presence of chemotactic
C-X-C motif chemokines, like CXCL3 and CXCLS6, in
pbMEC cell culture supernatants. These chemokines are
responsible for the recruitment of leukocytes and macro-
phages in case of inflammation. The secretion of proteins
involved in inflammatory response, which was monitored
with LC-MS/MS measurements, is an additional indicator
for the functionality of the pbMEC cultured in 3D cell
culture.

Conclusion

To our knowledge, this is one of the first studies that demon-
strated the suitability of ppMEC, which were non-invasively
isolated from fresh cow milk, for the establishment of a phys-
iologically functional primary 3D cell culture model. This
model is promising to unravel the basic molecular mecha-
nisms underlying normal, unbiased, and physiological pro-
cesses like milk protein production, cell differentiation, im-
mune response, and in future metabolic disorders. We exclu-
sively showed that the cellular behavior is mainly influenced
by the presence of the ECM-like scaffold Matrigel® and not
primarily by lactogenic hormones itself.
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Appendix

Table S1: Secretomics — proteins identified in cell culture supernatants of pbMEC

cultured on Matrigel®

Uniprot

Identified Protein D Gene Biological function?
Onset of lactation
Alpha-S1-Casein P02662 | CSN1S1 Response to estradiol and
progesterone
Beta-Casein P02666 | CSN2 Lactation
Calcium ion transport
Alpha-Lactalbumin P0O0711 LALBA Lactose biosynthetic process
Beta-lactoglobulin P02754 | PAEP Retinol binding ___
Small molecule binding
Fatty acid synthase FIN647 FASN Mammary gland development
Cell proliferation and differentiation
Regulation of epidermal cell division
14-3-3 protein sigma QOVvC36 SFN
Positive regulation of cell growth
Transgelin-2 Q5E9F5 TAGLN2 Epithelial cell differentiation
Galectin A6QLZ0 LGALS3 Epithelial cell differentiation
SPARC P13213 SPARC Regulation of cell proliferation
Cell adhesion
_ _ _ o Signal transduction
g{sm'”e'r'c“' angiogenic inducer, | 37035 | cyRre1 Cell-cell signaling
ECM?Z organization
Positive regulation of cell differentiation
Pro-opiomelanocortin P01190 POMC Cell-cell signaling
Positive regulation of cell-matrix
adhesion
Positive regulator of cell proliferation
Colony stimulating factor 1 FIMGS9 | CSF1 Branching involved in mammary gland
duct morphogenesis
Mammary gland fat development
Mammary duct terminal end bud growth
Protein FAM3C A5PKI3 FAM3C Multicellular organism development
. _hindi Regulation of cell growth
InSl:h_n I(I:‘,ke growth factor-binding Q05718 IGEBP6
protein Regulation of insulin-like growth factor
- formi hi b Cell adhesion
Transforming growth factor beta- FIMBS3 | TGFB1 Cell proliferation
induced protein ig-h3 —
ECM? organization
MSLN protein A6QP39 MSLN Cell-matrix adhesion
Follistatin-related protein 1 Q58D84 FSTL1 14-3-3 protein binding




Uniprot

Identified Protein D Gene Biological function?
Cytoskeletal organization
Myosin light polypeptide 6 P60661 MYL6 Calcium ion binding
- Actin filament organization
Alpha-actinin-1 Q3B7N2 | ACTNL Actin filament bundle assembly
Destrin Q5E9D5 DSTN Actin filament de-polymerization
Tubulin alpha-1D chain Q2HJ86 TUBA1D Metabolic process
Calponin-2 Q3SYU6 | CNN2 Cytoskeleton organization
éﬁgﬂ%ﬁf?ted protein 2/3 complex Q3MHR7 | ARPC2 Positive regulation of actin filament
Macrophage-capping protein Q865V6 CAPG Actin filament capping
Dystroglycan F1N7D7 DAG1 Cytoskeletal anchoring at plasma
membrane
Collagen alpha-2(1) chain P02465 COL1A2 Collagen fibril organlzatl_on, ,
Cellular response to amino acids
Actin filament organization
) ) ] ] Cell-cell junction assembly
Fascin actin-bundling protein 1 Q3MHK9 | FSCN1 - -
Cell migration
Establishment of apical/basal polarity
Cytoskeleton organization
Cofilin-1 Q5E9F7 CFL1 Regulation of cell morphogenesis
Actin filament de-polymerization
Immune system
Beta-2-microglobulin P01888 | B2M Immune system process
Antibacterial humoral response
Regulation of cytokine production
Lactotransferrin P24627 | LTF Antibacterial and antifungal
Innate immune response in mucosa
C-X-C motif chemokine 3 F1MD23 CXCL3 Chemotaxis
Inflammatory response
C-X-C motif chemokine 6 P80221 | CXCL6 Chemotaxis
LPS response
Secretogranin-2 P20616 SCG2 Induction of positive chemotaxis
Immune system process
Leukocyte migration involved in
) Inflammatory response
Protein S100-A8 pP28782 S100A8
Chemotaxis
Innate immune response
Translation
Ribosome-releasing factor 2 Translation
. . ' A6QNM2 FM2 - -
mitochondrial 6Q G Ribosome disassembly
40S ribosomal protein S12 Q76181 RPS12 Translation
40S ribosomal protein S21 Q32PB8 RPS21 Translation
60S ribosomal protein L6 Q58DQ3 | RPL6 Translation




Uniprot

Identified Protein D Gene Biological function?

Ribosomal large subunit assembly
Ornlthme ammotransferase, FIMYGO | OAT Arginine catabolic process to proline via
mitochondrial ornithine
Protein folding

. Protein folding

Heat shock protein HSP 90-alpha Q76LV2 HSP90AAL

Response to stress and heat

. Copper ion transport
t t protein ATOX1 TOE ATOX1 —

Copper transport protein ATO Q3TOEO © Response to oxidative stress
Heat shock 70 kDa protein 1A Q27975 HSPA1A Protein refolding
Prefoldin subunit 6 Q17Q89 PFDN6 Protein folding
Zeptldyl—prolyl cis-trans isomerase P62935 PPIA Protein folding
40S ribosomal protein S21 Q32PB8 RPS21 Protein folding
Sulfhydryl oxidase FIMM32 | QSOX1 protein folding
Proteolysis
Matrix metalloproteinase-9 F1MF56 MMP9 Proteolysis -

Collagen catabolic process
Ubiquitin carboxyl-terminal .
hydrolase isozyme L3 Q2TBG8 | UCHL3 Proteolysis

Proteolysis
Proteasome subunit alpha type-5 Q5E987 PSMAS

Ubiquitin-dependent protein catabolism
Tissue-type plasminogen activator Q28198 PLAT Proteolysis
Cathepsin D P80209 CTSD Proteolysis
Peptidase inhibition
Calpastatin F1MD74 | CAST Endopeptidase inhibitor
Leukocyte elastase inhibitor Q1JPBO SERPINB1 Endopeptidase inhibitor
Cystatin-C P01035 CST3 Endopeptidase inhibitor
PCSKI1N protein A4IFR2 PCSK1N Endopeptidase inhibitor
Plasminogen activator inhibitor 1 P13909 SERPINE1 Endopeptidase inhibitor
Serin peptidase inhibitor, Kunitz Q2KJJ7 | SPINT1 Endopeptidase inhibitor

type 1

The biological function was determined according to the GO terms of EMBL-EBI QuickGo

browser (Binns et al. 2009).

2ECM = Extracellular matrix
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Abstract

Background: Optimization of the immunoglobulin (Ig) yield in bovine milk used as therapeutic immune milk or
whey for the prevention of Clostridium difficile-associated diarrhea in humans is of great importance to improve
the economic efficiency of production. Individual dairy cows have diverse immune responses upon vaccination,
resulting in a variable Ig yield in blood and milk. Therefore, it is advisable to pre-select cows with the best ability

to produce and secrete high yields of specific Igs.

Results: The gene expression profile of pbMEC (primary bovine mammary epithelial cells), challenged with the
gram-positive, non-mastitis, pathogen Clostridium difficile showed distinct and significant differences in the gene
expression of effector molecules of the innate immune system. A number of genes were identified that could
possibly serve as molecular biomarkers to differentiate high responder cows from low responder cows. These
identified genes play key roles in the promotion of innate immunity.

Conclusion: Using a gene expression profiling approach, we showed that upon others, especially the gene
expression of the pro-inflammatory cytokines was altered between the high and low responder cows. Those
genes are indicated as potential molecular biomarkers in the pre-selection of cows that are able to secrete high

immunoglobulin yields in milk.

Keywords: Molecular biomarkers, Primary bovine mammary epithelial cells, Innate immunity, Microfluidic gene

expression profiling, Clostridium difficile-associated diarrhea

Background

Clostridium difficile (C. diff) is a widespread hospital germ
that causes severe antibiotic associated gastroenteritis in
humans especially in industrialized countries [1, 2]. C. diff.
is a gram-positive enterotoxic, spore building pathogen
that due to its acidic resistance is able to overcome the
acidic environment of the stomach [1-3]. The primary
reservoirs of this pathogen are asymptomatic carriers and
contaminated surfaces, which are important issues espe-
cially in hospitals and nursing homes [4]. The progression
of the disease is quite diverse, ranging from mild diarrhea
to severe life-threatening pseudomembranous colitis [1, 3,
5]. Until now, the treatment of C. difficile-associated diar-
rhea (CDAD) results in a vicious circle, as the antibiotics
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metronidazole, vancomycin, and fidaxomicin are mainly
used [6-8]. As those antibiotics do not exclusively target
pathogenic C. diff Bacteria but also commensal gut
bacteria, the gut microbiota of the patients is further
damaged. Therefore, we aimed to develop a new treat-
ment strategy or better yet, a preventive treatment strat-
egy for CDAD. Inspired by a study by Van Dissel et al.
(2005) [9], we wanted to developed immune milk enriched
with naturally derived polyclonal immunoglobulin A (IgA)
against C. diff. As the production and application of
immune milk are quite promising, it is advantageous to
optimize the yield of specific IgA against C. diff. in the
milk. Therefore, molecular and biological methods were
employed to identify potential molecular biomarkers for
the pre-selection of high responder dairy cows, prior to
immune milk production. Brown Swiss cows were immu-
nized against C. diff. in order to induce milk production
and secretion of specific IgA. As each animal has a fairly

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
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individual immune status and, hence, response due to the
inherited genetic composition of the host [10], we investi-
gated whether animals can be pre-selected to optimize
production of specific Igs upon vaccination. Therefore, we
searched for molecular markers of the innate immune
system of the cows using a gene expression profiling
method. As we surmised that besides blood lymphocytes,
primary bovine mammary epithelial cells (pbMEC) are
quite important for the promotion of innate immunity
and subsequent activation of adaptive immunity and later
on, transcytosis and secretion of immunoglobulins into
milk, a newly developed three-dimensional 3D—cell cul-
ture system of ppMEC was used in this study [11, 12].
The elucidation of the underlying gene expression net-
work may be important to identify differences in the in-
nate immune system of low and high responder cows
to facilitate the pre-selection of animals before use for
immune milk production.

Methods

Immunization of the cows

The animal trial was approved by the government of
Upper Bavaria (AZ. 55.2-1-54-2532.6-17-2012). The
cows were bought at the cattle market for Brown Swiss
cows of the Allgduer Herdbuchgesellschaft (Cattle’s
breeders association). Nine healthy Brown Swiss cows
in their first lactation were immunized against C. diff.
(IDT Biologika GmbH, Dessau-Rosslau, Germany)
according to a strict scheme of 16 immunizations over
a 31-week period. Before and 1 day after each vaccin-
ation, the health status of each animal was routinely
monitored by a veterinarian. The milk of each udder
quarter was tested for bacterial infection and contamin-
ation (Tiergesundheitsdienst Bayern e.V., Grub, Germany)
before vaccination to detect the incidence of subclinical or
clinical mastitis. Somatic cell counts and milk ingredi-
ents were analyzed weekly by a commercial facility
(Milchpriifring Bayern e.V., Wolnzach, Germany). The
average somatic cell count in milk during the vaccin-
ation period was 63.000 cells/ml+7075.63 cells/ml
(n =279). During the 31-week experimental period, two
cows developed symptoms of subclinical mastitis and
one was diagnosed with acute mastitis. No pbMEC
were sampled from the diseased animals, as only those
from healthy cows were used in the experiments.
Furthermore, stool analysis of the animals prior to
immunization showed that all were C. diff. Negative
(Leiden University, Medical Center).

IgA against Clostridium Difficile - ELISA

For the detection of C. diff. Specific IgA in cow milk, a
sandwich ELISA was applied. In brief, each well of a
96-well plate (Maxisorp, Nunc®; Sigma-Aldrich Corpor-
ation, St. Louis, MO, USA) was coated with 2.0 x 10% C.
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diff. Cells/ml, IDT Biologika GmbH) in coating buffer
(50 mM NaHCOj3, pH 9.6; Merck Chemicals GmbH,
Darmstadt, Germany) and incubated for 2 h at 70 °C
and then overnight at 4 °C. The coating was terminated
by incubation with 200 pl blocking buffer in phosphate-
buffered saline (PBS)-Tween 20 (PBST; 2% gelatin,
Sigma-Aldrich Corporation) for 1 h at 37 °C. The
ELISA plate was washed four times with PBST (1 g/l
Tween 20; Merck Chemicals GmbH). A C. diff. Specific
IgA standard was prepared in dilution buffer (0.2% gelatin,
Sigma-Aldrich, in PBST, 62.5 ng/ml — 4*10° ng/ul). The
skim milk samples were diluted to 1:10 with dilution
buffer. Standard dilutions, samples, and intra-assay con-
trols were applied in duplicates to the pre-coated plate
and incubated for 1.5 h at 37 °C. Afterwards, the ELISA
plate was washed four times. Then, horseradish perox-
idase (HRP)-conjugated sheep anti-bovine IgA (dilu-
tion, 1:70,000; Bethyl Laboratories, Inc., Montgomery,
TX, USA) was added to each well and the plate was incu-
bated for 1.5 h at 37 °C in the dark. Afterwards, the ELISA
plate was washed four times and the HRP-conjugated
substrate [13] was added to the wells to induce reaction
with the substrate. After 40 min, the substrate reaction
was stopped by the addition of 2 M H,SO,. Extinction
was measured after 30 min at 450 nm using a microplate
reader (Sunrise™, Tecan Group Ltd, Mainnedorf,
Switzerland). The amount of C. diff. Specific IgA was
determined based on a standard curve using Magellan™
V6.6 software (Tecan Group Ltd.).

3D cell culture of pbMEC

The pbMEC were isolated from fresh milk of nine healthy
Brown Swiss cows in mid-lactation, as described by Sorg
et al. (2013a) and Danowski et al. (2013) [14, 15]. In brief,
fresh milk was defatted (10 min, 1850xg), and the result-
ing cell pellet was washed several times with 1x Hanks
Balanced Salt solution (Sigma-Aldrich) supplemented with
antibiotics and antimycotics [14, 15]. The remaining cell
suspension was filtered twice (EASYstrainer™; 40 pm;
100 pm; Greiner Bio-One GmbH, Frickenhausen,
Germany) to remove lipid droplets and cell aggregates.
The pbMEC were afterwards resuspended in Dulbecco’s
modified Eagle’s medium (DMEM)/F-12 Ham solution
supplemented with penicillin/streptomycin, amphotericin
B, insulin-transferrin-selenium (ITS) liquid media supple-
ment (Sigma-Aldrich) and fetal bovine serum (FBS; Gibco®
Lifetechnologies GmbH, Darmstadt, Germany), and
cultured (37 °C, 5% CO,) in 3D cell culture in 6-well
plates coated with 2.4 mg/ml Matrigel® (Corning Inc.,
Corning, New York, USA), until confluency. ppMEC were
sub-cultivated using 0.25% Trypsin-EDTA  solution
(Sigma-Aldrich). After the second passage, the cells were
detached with 0.25% Trypsin-EDTA solution and pre-
pared for cryopreservation. The cells were counted using
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the TC10™ Automated Cell Counter (Bio-Rad Labora-
tories GmbH, Munich, Germany). Afterwards, 1*10°—
5*10° cells were resuspended in cryopreservation
medium containing 70% DMEM F12-Ham, 20% FBS,
and 10% DMSO (Sigma-Aldrich) and then stored in
liquid nitrogen until ppMEC from all animals had been
sampled. For the experimental set-up, ppMEC were
thawed and reseeded at 2*10* cells per well of a 6-well
plate (Greiner Bio-One GmbH), coated with 2.4 mg/ml
Matrigel®, for the immune stimulatory experiments or
1*10* cells per chamber of a 8-well LabTec chamber
slide (LAB-Tek, Nunc, GmbH, Langenselbold, Germany)
for immunocytochemistry (IC).

Immune stimulation of pbMEC with formalin inactivated
Clostridium Difficile

To calculate the multiplicity of infection (MOI) per
cultured cell, three wells per animal served as counting
wells. Confluent cells were detached using 0.25%
Trypsin-EDTA solution and counted using the TC10™
Automated Cell Counter (Bio-Rad Laboratories
GmbH), using life-dead staining with 0.4% trypan blue
(Bio-Rad Laboratories GmbH). The mean value of the
counted living cells served as the estimated cell count
for all other cells used in the experiment. Cell culture
replicates of ppMEC were then induced with formalin
inactivated C. diff. (IDT Biologika GmbH) with a MOI
of 70 colony forming units per cultured cell. The MOI
was chosen based on the findings of preliminary experi-
ments. A greater MOI was chosen, as compared to re-
ports in the literature, as gram-positive pathogens
induce only a weak immune response in ppbMEC [12,
16, 17]. To target the immediate, intermediate, and late
immune response, ppMEC were treated with C. diff.
For 6 h, 24 h and 72 h respectively. To obtain represen-
tative data, control wells with untreated ppMEC were
also sampled in biological triplicates at each time-point
(0 h, 6 h, 24 h, and 72 h). To avoid the side effects of
antibiotics, antimycotics, and FBS, the cells were
supplemented with DMEM/F-12 Ham medium with
ITS for 48 h pre-infection. This so-called “infection
medium” was refreshed immediately before treatment.
After treatment, ppMEC were washed with PBS and
further lysed in Qiazol (Qiagen, Hilden, Germany),
which was included with the miRNeasy Micro Kit

(Qiagen).

Mycoplasma test

To detect the presence of contaminant mycoplasma
species in the cell culture, the PCR Mycoplasma Test Kit
(AppliChem GmbH, Darmstadt, Germany) was used
according to the manufacturer’s protocol. Cell culture
supernatants of each animal were sampled and stored at
-80 °C until further processing.
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Immunocytochemistry

pbMEC were cultured on 8-well LabTec chamber Slides
(LAB-Tec, Nunc, GmbH, Langenselbold, Germany) to
confirm the epithelial character of the cells cultured in 3D
cell culture with immunocytochemistry. The IC was con-
ducted as described by Sorg et al. (2013a) and Danowski
et al. (2013) [12, 14, 15]. The monoclonal mouse anti-
cytokeratin pan antibody clone C-11 (1:400 in PBST,
Sigma-Aldrich) was used for cytokeratin staining.

RNA extraction and reverse transcription

RNA was extracted using the miRNeasy Micro Kit
(Qiagen), according to the manufacturer’s protocol with
slight modifications. The miRNeasy Micro spin column
was incubated for 5 min with buffer RPE after the sec-
ond addition of buffer RPE to reduce contamination of
the RNA with guanidine thiocyanate. The RNA concen-
tration was calculated using a Nanodrop ND-1000
spectrophotometer (Peqlab, Erlangen, Germany). The
RNA integrity was analyzed with a 2100 Bioanalyzer on
the 6000 nano chips and the RNA 6000 nano Kit
(Agilent Technologies, Waldbronn, Germany) according
to the manufacturer’s instructions. RNA was stored at
-80 °C until further analysis. For reverse transcription of
RNA to cDNA, 400 ng of RNA were mixed together
with a master mix containing 5x buffer, 0.5 mM dNTPs,
0.5 M oligo-d(T) primers (Fermentas GmbH, St. Leon-
Rot, Germany), 2.5 uM random hexamer primers (Invi-
trogen Life Technologies, Darmstadt, Germany) and
100 U of Moloney murine leukemia virus H(-) reverse
transcriptase (Promega, Mannheim, Germany) in a total
volume of 20 pl. After reverse transcription, the cDNA
was diluted 1:1 to a final volume of 40 pl. RNA isolated
from the bovine mammary gland and spleen tissues was
used as a positive control. Furthermore, a non-template
control (NTC) was included with each 96-well plate
(4titude, Wotton, Great Britain) to screen for contamin-
ation of the reaction mixture. The RT-PCR reactions
were conducted in 96-well plates using a T-Personal
Thermocycler (Biometra, Gottingen, Germany) (Anneal-
ing: 21 °C, 10 min, transcription phase: 48 °C, 50 min,
degrading phase: 90 °C, 2 min). The remaining cDNA was
stored at 20 °C.

RT-qPCR primer design

Bovine specific primer pairs were designed using pub-
lished bovine nucleic acid sequences retrieved from the
National Center for Biotechnology Information gene
database (NCBI, National Library of Medicine, Bethesda
MD, USA). 68 bovine specific primer pairs were generated
(Sigma-Aldrich), among them were 7 primer pairs for the
reference genes GAPDH, YWHAZ, H3F3A, ACTyl,
18srRNA, Cyt8, UBB and respectively 61 primer pairs for
target genes coding for proteins involved in inflammatory
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pathways (Additional file 1: Table S1). For the selection
of the panel of genes used in this study, we focused on
publications that extensively studied the innate im-
mune response of ppMEC in two-dimensional cell cul-
ture in vitro studies [12, 14, 16, 18—21]. Primers were
designed using Primer3web version 4.0.0 [22, 23]. The
specificity and performance of all primers were tested.
All primers had an optimal annealing temperature of
60 °C. Each designed assay was tested using cDNA
generated from udder parenchyma tissue, spleen tissue,
and pbMEC to confirm tissue-specific gene expression.
Furthermore, each qPCR assay was tested for amplifi-
cation efficiency according to the Minimum Informa-
tion for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines [24]. Only assays with
a PCR efficiency >85% were used for subsequent RT-
qPCR experiments.

RT-gPCR measurements

The RT-qPCR analysis was conducted using the BioMark™
HD 96 x 96 system (Fluidigm, San Francisco, CA, USA) as
described by Sorg et al. (2013) with slight optimizations
[12]. The cDNA was specifically pre-amplified for 16 cycles
using 67 primer pairs. The 18srRNA primer pair was ex-
cluded from pre-amplification as it was scored as highly
expressed gene. In brief, 2 pl of cDNA (10 ng/ul) were
pre-amplified in a total volume of 15 pl with a final primer
concentration of 25 nM using the iQ Supermix (Bio-Rad)
according to the following temperature protocol: activa-
tion of polymerase at 95 °C for 3 min, followed by 16 cycles
of denaturation at 95 °C for 15 s and 4 min of annealing
and extension at 59 °C. The cDNA was diluted 20-fold
after the pre-amplification reaction and stored at —20 °C
until further analysis. For the determination of the Cq
values, 4 BioMark™ 96 x 96 Gene expression (GE) Dy-
namic Array chips (Fluidigm) were used. The efficiency
of all primer assays was tested on the first 96 x 96 GE
dynamic array (Fluidigm). Furthermore, each 96 x 96
GE dynamic array contained positive controls, one no
transcription control (NTC) and one control sample to
test for possible genomic contaminations, called
ValidPrime® (TATAA Biocenter, Gothenburg, Sweden).
ValidPrime® is a good alternative to avoid the use of re-
verse transcriptase controls for RT-qPCR analysis, as it
tests all samples for the presence of genomic DNA.
Two stably expressed samples of the first 96 x 96 GE
dynamic array were chosen as between-chip calibrators
and, hence, were measured on all four chips. For the
sample pre-mix, 2.5 pl SsoFast™ EvaGreen supermix
(Bio-Rad), 0.1 pl of ROX (4x diluted, Invitrogen),
0.25 pl of 20x binding dye loading reagent (Fluidigm),
1 pl pre-amplified and 1:20 diluted ¢cDNA and 1.15 pl
water were combined to a final volume of 5 pl. The 5 ul
assay mix consisted of 2.5 ul of 5 uM primer pairs (final
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concentration of primers in an individual reaction:
250 nM) and 2.5 pl of 2x GE assay loading reagent
(Fluidigm). The sample and assay pre-mix were trans-
ferred to the primed 96 x 96 GE dynamic array and
then automatically mixed inside the chip with the
Fluidigm® IFC controller. The RT-qPCR assay was con-
ducted using the BioMark™ system with the following
protocol: 98 °C for 40 s followed by 30 cycles at 95 °C
for 10 s and 60 °C for 40 s, followed by melting curve
analysis to reveal the specificity of the primer pairs.
Fluidigm Real-Time PCR Analysis Software version
4.1.2 (Fluidigm) was used for data handling and ana-
lysis. The RT-qPCR reactions were performed accord-
ing to the MIQE guidelines [24].

Data pre-processing and data analysis

The qPCR reactions were validated with the Fluidigm
Real-Time PCR Analysis Software version 4.1.2
(Fluidigm). Primer pairs with too much missing data
were excluded from further analysis (CYP1A1, IL1-B,
IL10, CASP1, HP, TAP, LAP, and CCL2). Furthermore,
standard curves generated on the first BioMark™ 96 x
96 GE Dynamic Array chip (Fluidigm), were used to
determine the efficiency of the primer pairs and the
cut-off value for the gene expression data. The dynamic
range of the primer assays was tested and the cut-off
value was therefore set to 26. The raw data were pre-
processed in GenEx Enterprise Version 6 data analysis
software (MultiD Analyses AB, Gothenburg, Sweden).
Within GenEx values larger than 26 were treated as
missing data, the cut-off was set to a Cq-value of 26,
and missing data was treated with an offset of “+1”.
Furthermore, the genomic background of each sample
was evaluated, and an inter-plate calibration was
conducted using the mean value of the two inter-plate
calibrator samples. The pre-processed Cq values were nor-
malized to the values of a set of seven reference genes, as
suggested by the ‘Normfinder’ tool of the GenEx software
package (MultiD Analyses AB). Additionally, the normal-
ized Cq values were further normalized to the correspond-
ing reference samples, which were represented by the Cq
values of untreated control wells that were sampled at the
start of treatment (time point 0 h). The fold changes
(225D yere calculated as described by Livak and
Schmittgen (2001) [25]. All statistical analyses were con-
ducted using SigmaPlot 12.0 software (Systat Software,
Inc., San Jose, CA, USA). Before p-values were calculated,
the normal distribution of the data sets was confirmed
with the Shapiro—Wilk normality test. The signed-rank
test was conducted for data not normally distributed. To
evaluate the treatment effect of C. diff The ACq values of
the treated and untreated groups were compared using
the paired t-test. Significant differences in the gene expres-
sion between the different treatment time points (6 h vs.
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24 h, 6 hvs. 72 h, 24 h vs. 72 h) were also evaluated using
the paired t-test. Furthermore, a normal ¢-test was
conducted to identify differentially expressed genes
between the high and low responder group. Gene ex-
pression changes with p-values between 0.1 and 0.05
were considered as distinct changes in gene expression,
whereas p-values below 0.05 were considered as statisti-
cally significant changes in gene expression (*p <0.05,
** p <0.01, ** p <0.001). As no correction for multiple
testing was imposed on the p-values, this study has to
be considered as explorative study. For the identification
of similar gene expression profiles, a cluster analysis with
the self-organizing tree algorithm (SOTA) was conducted
with the Multi Experiment Viewer software (MeV 4.9.0,
TM4) [26].

Results

C. Diff. Specific IgA in cow milk

The IgA content in milk was determined using an IgA
ELISA as described above. To distinguish between high
and low responder cows, the threshold of C. diff. Specific
IgA in secreted milk of the immunized animals was set
to 8 pg/ml milk. Therefore, four cows were considered
as low responder animals with an average specific IgA
content of 2.6 pg/ml+ 1.9 pg/ml and five were consid-
ered as high responder animals with an average specific
IgA content of 11.1 pg/ml+ 1.2 pg/ml milk (p <0.001)
(Fig. 1).

pbMEC cell culture - IC and mycoplasma test

IC analysis was conducted to confirm the epithelial char-
acter of the 3D cultured ppbMEC. All cultured cells were
cytokeratin-positive and showed a typical cobblestone-
like morphology, which is characteristic for pbMEC
(Fig. 2). Therefore, cross-contamination with other cells
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Fig. 1 Determination of the specific immunoglobulin A (IgA)
content in milk. The animals (n =9) were classified according to
their immune response to the C. diff. Vaccine into the low (n =4)
and high (n =5) responder group. The specific IgA content in milk
was measured using a sandwich ELISA, the threshold to distinguish
between low and high responder animals was set to 8 pg/ml
specific IgA
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Fig. 2 Light microscopy of pbMEC isolated from fresh milk
immunostained against cytokeratin (the inset shows the negative

control, magnification x200). pbMEC were cytokeratin-positive and
showed the characteristic cobblestone-like morphology of the cells
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was excluded. Furthermore, all cells were mycoplasma-
free (PCR Mycoplasma Test Kit, AppliChem GmbH,
Darmstadt, Germany).

Quality control of the extracted RNA and the RT-gPCR
assays

The quality of the extracted RNA was assessed as
described before. In brief, the total RNA yield was deter-
mined using a Nanodrop ND-1000 spectrophotometer.
The overall RNA vyield was 335.21 ng/pl+15.00 ng/pl
(n =314). The RNA integrity which was analyzed with
the 2100 Bioanalyzer on the 6000 Nano chips was mea-
sured for 70 RNA samples that were randomly collected
over all 4 time-points. An average RIN value of 9.94 +
0.13 (n =70) could be determined, indicating very good
integrity of all RNA samples, as the highest possible RIN
is 10. Furthermore, the designed qPCR assays were
tested for their efficiency in qPCR reactions according to
the MIQE guidelines [24], using standard curves of serial
diluted sample material. The performance of the assays
was tested on the BioMark™ 96 x 96 GE dynamic array.
Assays with poor PCR amplification efficiency were ex-
cluded from further analysis (CYP1A1l, IL1-B, IL10,
CASP1, HP, TAP, LAP, and CCL2). Analyses of the
remaining 60 qPCR assays resulted in an average r*-
value of 0.97+0.01 (n =60) and an average PCR effi-
ciency of 1.14 £ 0.025 (n =60), indicating that the PCR
efficiency of the primer pairs was between 90% - 114%.

Effect of the C. Diff. Treatment on the gene expression
within the high responder cows

According to the Ig yield obtained in the milk, the vacci-
nated cows showed a rather diverse immune response.
Therefore, a gene expression profiling method was applied
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to identify molecular biomarkers of innate immunity of
cows with a fast and efficient immune response. A detailed
listing of the fold changes in gene expression and the cal-
culated p-values that were determined by the paired ¢-test
for the treatment effect and the time effect can be found
in “Additional file 2: Table S2”. For the identification of
differences within the expression profiles of low and high
responder animals, a cluster analysis with the self-
organizing tree algorithm (SOTA) was conducted applying
the Multi Experiment Viewer software (MeV 4.9.0, TM4)
[26]. The analysis was done based on mean centered fold
change values. Genes with higher fold changes than the
mean are highlighted in green, whereas fold changes
below the mean fold change are highlighted in red. With
this method, the time course of gene expression changes
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within the high and low responder groups could be illus-
trated whereby the genes were clustered concerning their
early, intermediate or late gene expression.

SOTA analysis of RT-qPCR data

Genes coding for FcRn and pIGR were excluded from
the SOTA analysis of the high and low responder groups
because of no contribution to the scientific question.
SOTA analysis of the high responder group revealed
three clusters, one composed of early induced genes
(Fig. 3a), a second composed of the intermediate in-
duced genes (Fig. 3b), and a third composed of genes
that were mostly induced at 72 h after immune stimula-
tion (Fig. 3c). The first cluster contained 16 genes, which
were induced early after immune stimulation, which
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Fig. 3 Self-organizing tree algorithm (SOTA) analysis revealed early (16 genes) (a), intermediate (13 genes) (b), and late (22 genes) (c) expression
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included some really strongly induced genes coding for
the acute phase protein SAA3, the antimicrobial peptide
lactoferrin (LF), the complement component C3, the
components of the Toll-like receptor (TLR) pathway
LBP, TLR2, and TIRAP, and the chemokines CXCLS5,
CXCL3, and CXCL8 (Fig. 3a). The effect of C. diff
Treatment was statistically evaluated using the paired ¢-
test (Additional file 2: Table S2). The gene expression
levels of CXCL8, CXCL3, and TIRAP were up-regulated
in response to immune stimulation. The time-dependent
effects of immune stimulation on gene expression are
shown in the SOTA dendrogram (Fig. 3a) as well
Additional file 2: Table S2.

Within the second cluster, 13 genes were detected,
which were rather early (6 h) and intermediately (24 h)
induced (Fig. 3b). Genes coding for the chemokines
CCL5, CCR7, and IL13RA, the components of the TLR
pathway (i.e., TLR4, LY96, MYD88, TRAF6, and IRAK1),
and the gene coding for MAPK8 were strongly induced
either early or intermediately. According to the paired ¢-
test results, the gene expression of genes coding for
IRAK1 and TRAF6 were differentially up-regulated in
response to immune stimulation (Fig. 3b; Additional file
1: Table S1). Regulation of gene expression at different
treatment time points in this cluster was directly observed
with the SOTA dendrogram and the expression graph
presented in Fig. 3. These results were verified with a
paired t-test (Additional file 2: Table S2).

Within the third cluster, 22 intermediate to late induced
genes were detected, which included strongly induced
genes coding for TNFa, CD68, CD14, and CYP1Bl.
Furthermore, the genes coding for the so-called “danger-
associated molecular pattern molecules” S100A9 and
S100A12, the antimicrobial peptides lysozyme 1 (LYZ1)
and lacto-peroxidase (LPO), the chemokines and in-
flammatory cytokines CCL20, IL6, and IL1-A, the com-
ponents of the apoptotic pathway (e.g., FAS), the
scavenger receptor CD68, and the gene coding for
MMP1 were differentially induced in response to C.
diff. Stimulation (Additional file 2: Table S2). This trend
was also observed in the SOTA dendrogram and ex-
pression profile (Fig. 3c), where again the temporal
regulation of the gene expression of immune-related
genes was clearly determined (Fig. 3c; Additional file 2:
Table S2).

Comparison of the gene expression pattern of low and
high responder cows during different treatment time-
points

A direct comparison of the gene expression pattern of
high and low responder cows indicated a distinct greater
induction of the gene expression within the high re-
sponder group during all three-time points. Genes were
clustered together according to the induction time of the
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immune response. The first cluster consisted of 19 genes
that were early expressed. The SOTA dendrogram
(Fig. 4a) was used to identify genes in the high and low
responder groups that were induced in response to C.
diff. Stimulation, which showed that expression levels of
some genes were lower in the low responder group
(Figs. 44, b, and c). The potential lower induction of gene
expression in the low responder group is clearly indicated
by the SOTA expression graphs (Figs. 4b and c). Most of
the early induced genes within the high responder group
showed a more distinct up-regulation after 6 h of im-
mune stimulation and a strong down-regulation after
24 h. In the low responder group, however, only a few of
the 19 genes showed a greater fold change, as compared
to the mean fold change of the whole group, and the
gene expression within the low responder group declined
after 24 h. The strongly induced genes in the high
responder group included those coding for the antimicro-
bial peptide LE, the chemokines CXCL8, CXCL5, and
CXCL3, the acute phase protein SAA3, and the comple-
ment component C3. Furthermore, genes coding for com-
ponents of the TLR pathway (ie, TIRAP, TRAF6, and
RELA) were differentially induced in the high responder
group, as compared to the low responder group, according
to the results of a normal t-test (Table 1; Fig. 4 and Add-
itional file 2: Table S2).

Eleven genes in the second cluster were induced either
early or intermediately. The dendrogram and expression
profile (Figs. 5a and b) clearly indicated that genes
within this cluster tended to be up-regulated in the high
responder group after 6 h, with the exception of the
gene coding for the chemokine receptor CCR7 (Figs. 5a
and b). This accounts for an early as well as prolonged
induction of the expression of genes coding for import-
ant chemokines, like CCL5, and components of the TLR
pathway, like LY96, MYD88, TLR2, and IRAK1. Most of
these genes, however, were down-regulated 6 h post-
immune stimulation in the low responder group and
were only induced after 24 h. Some genes, such as those
coding for NOS2, LBP, MX1, and MX2 were down-
regulated in the high responder group after 24 h, but
were induced after this period of time within the low re-
sponder group, indicating differences in gene regulation
between the groups. By contrast, the genes coding for
CCL5, IRAK1, and MAPKS8 were up-regulated in the
high responder group, but down-regulated in the low re-
sponder group. The results of a normal ¢-test (Table 1)
revealed distinct and differential up-regulation of the
gene expression for LY96, MYD88, IRAK1, CCL5, and
MAPKS between the high and low responder groups
(Table 1; Fig. 5; Additional file 2: Table S2).

The third cluster consisted of 21 genes that were in-
duced after 72 h and partly after 24 h of immune stimu-
lation. The SOTA dendrogram revealed that those genes



Hillreiner et al. BMC Veterinary Research (2017) 13:369

Page 8 of 14

24h
High responder

differentially gene expression within both groups
A\

| .
=1..0 .0 1.5
< k=1
< - ol < o
G (§] ~ < - 3
6] 3] ~
a u -
) ) o M I N
-1 o o ) ) )
= = = e T T
) o o ] <] 5]
2, 2. 2, o] o o
0 n n 2, o2, o2
] o ] 0 N N
Sl - - o o o
- I N
< < <
o o o 2 2 2
A A A o o o
< k=i = — — —~
S0TA Centroid Vectox
TRAFE
LT
TGFBL
RELA
CASP2
TIR.
CXCLS
STAT:
T — 3aA2
CXCL8
TLR4
KT 1
THFRST1A
4
IRF2
I 3]

Fig. 4 Differences in the gene expression of immediate early expressed genes (19 genes) between the high (b) and low (c) responder group.
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were especially induced in the high responder group
after 72 h, as observed by a comparison of color coding
with the low responder group at the same time points
(Fig. 6a). However, those genes were not induced earlier
in the low responder group. The pbMEC in the low
responder group hardly showed any induction of
immune-related genes after C. diff. Stimulation (Table 1).
Differentially up-regulated late expressed genes in-
cluded some that coded for chemokines and inflamma-
tory cytokines, like IL6, IL1-A, and IL13RA, as well as
those coding for the danger-associated molecular pat-
tern molecules SI00A9 and S100A12, the antimicrobial
peptides LYZ1 and LPO, the components of the TLR
pathway, like CD14, the pro-apoptotic factors FAS,
CASP8, and BAX, and those coding for CD68, CD40,
MMP1, and NOD2. Changes in gene expression pro-
files over-time are depicted in the expression graphs
(Table 1; Fig. 6).

Discussion

The gram-positive pathogen C. diff Was chosen in this
study as it causes severe CDAD in those with suppressed
immunity and the elderly [3]. Treatment of CDAD with
immune milk can offer some significant advantages, such
as maintenance of the healthy commensal gut microbiota
and the prevention of the formation of resistant bacteria

due to the use of natural polyclonal animal-derived anti-
bodies. The pathogen-specific polyclonal IgA can specific-
ally neutralize C. diff and minimize the relapse rate and
the number of antibiotic treatments.

After stimulation with C. diff, the gene expression
profile of pbMECs extracted from milk was compared
between high and low responder cows. The milk of high
responder cows (n =5) had high amounts of specific IgA
and the animals showed a fast immune response, whereas
milk of low responder cows (n =4) had lower antibody
concentrations after repeated immunization. The term
“fast immune response” hereby refers to a rapid increase
in the amount of specific IgA in milk after immunization.
The aim of this study was to establish a defined gene ex-
pression pattern or a special set of genes of chemokines,
immune receptors, and acute phase proteins to serve as
molecular biomarkers for the pre-selection of cows before
immunization to maximize immune milk production.
pbMEC were chosen to screen for gene expression re-
sponses to antigen exposure, as it is known that bovine
mammary epithelial cells play important roles in the bo-
vine mammary gland [11]. The rather low changes in the
gene expression levels were expected, as Strandberg et al.
(2005), Griesbeck-Zilch et al. (2008), and Sorg et al. (2013)
have already reported that gram-positive pathogens pro-
voke only a weak innate immune response [12, 21, 27,].
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Table 1 Differences in gene expression of high (n =5) and low
(n =4) responder cows, as determined by a normal t-test

Time point
Genes C. diff. 6 h® C. diff. 24 h® C. diff. 72 h®
Low vs. High® Low vs. High® Low vs. High®

TLR pathway

1Y% *xx *x

CD14 + ox *

MYD8S8 +

TIRAP * *x *xx

TRAF6 +

IRAK4 *

IRAK1 +

RELA **
Chemokines

Cccls + *

CXCLS +

cXcLs + +

IL13RA * +
Inflammatory cytokines

IL1-A +

IL6 o + *

Acute phase proteins/danger associated molecular pattern molecules
S100A9 *
ST100A12 *
Antimicrobial peptides

Lyz1 **

LPO *
Apoptosis

FAS * *x *

TNFRSF1A +

CASP8 * +

CASP3 * *

BAX **

BCL-2 + *

Scavenger Receptor

CD68 ** *

D40 xx ¢ *
JAK-STAT signaling

STAT2 **

MAPK signaling

MAPK 8 ** *

Others
MMP1 * xx
Mx2 +
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Table 1 Differences in gene expression of high (n =5) and low
(n =4) responder cows, as determined by a normal t-test
(Continued)

Time point
Genes C diff. 6 h? C diff. 24 h® C diff. 72 h?
Low vs. High® Low vs. High® Low vs. High®
NOD?2 *
AKTI1 *
WNT4 +

“Treatment time with C. diff. in hours

Plow responder animals versus high responder animals
*p <0.05, ** p <0.01, *** p <0.001

+distinct changes (0.01 < p < 0.05)

TLR pathway

Strandberg et al. (2005) reported that the innate host
defense of pbMEC is dependent on germline-encoded
receptors that recognize conserved structures expressed
by a wide variety of microbes [27]. Since ppbMEC express
TLRs on the cell surface [16], these cells should be able
to recognize the gram-positive pathogen C. diff. Upon
recognition of the bacterial cell wall component lipotei-
choic acid through the pattern recognition receptors
CD14, TLR2, and TLR4 [28]. The results of the present
study showed that gene expression of TLR2 and TLR4 in
response to bacterial stimulation was mainly unaffected in
the low and high responder groups. These findings are in
accordance with the results reported by Strandberg et al.
(2005) [27], who postulated that ppMEC contain a fully
functional and constitutively active TLR signaling path-
way, which is immediately responsive to a bacterial chal-
lenge, so that the gene expression of the receptors was not
responsible for the inefficient activation of NFkB and,
hence, transcription of cytokines, but rather deficits in the
downstream signaling pathways [27]. However, the high
responder group showed a distinct and statistically signifi-
cant greater gene expression of CD14, as compared to the
low responder group, which is in accordance with the
findings of Lutzow et al. (2008) [29]. To identify differ-
ences in the activation and downstream signaling
cascades in response to C. diff.-stimulation between the
high and low responder groups, the gene expression
levels of LY96, LBP, CD14, MYD88, TIRAP, TRAFS®,
IRAK4, IRAK1, and RELA were assessed. The results
showed significant and distinct changes in the expres-
sion levels of genes coding for LY96, CD14, TIRAP,
IRAKI, and RELA, especially in the high responder
group. Furthermore, the expression levels of MYDS8S,
TRAF6, LY96, CD14, TIRAP, and RELA were signifi-
cantly greater in the high responder group, as com-
pared to the low responder group, which was in
agreement with the findings of Strandberg et al. (2005)
[27] that deficits in the downstream signaling pathways
were responsible for the relatively low expression of
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RELA, which is also known as the NF-kappa-B p65
subunit.

Chemokine activation

Upon activation, NF-kB translocates into the nucleus and
initiates transcription of a variety of pro-inflammatory fac-
tors, such as chemokines and cytokines, as well as genes
associated with cell survival and proliferation [30].
Targets also include adhesion molecules, acute phase
proteins like SAA-proteins, and inducible enzymes [30,
31]. This effect was observed in the gene expression of
prominent chemokines between the high and low re-
sponder groups. The gene expression of CXCL8, CCL5,
CXCL5, IL6, IL1-A, and IL13RA were distinctly greater
in the high responder group. Especially, CXCL8, which
is a major initiator of the inflammatory response, has
been shown to be essential for the immediate recruit-
ment of leukocytes into the bovine mammary gland
and, hence, is responsible for the elimination of invad-
ing pathogens [27, 32]. CXCL8 gene expression was
substantially greater in the high responder fibroblasts
after stimulation of the cell culture with LPS. Addition-
ally, a study by Griesbeck-Zilch et al. (2008) also
showed a significant and early induction of CCL5 gene
expression after stimulation of ppMEC with S. aureus
[21]. Furthermore, Lahouassa et al. (2007) showed that
bMEC are able to produce and release chemokines,

even without up-regulation of the anti-inflammatory
cytokine IL10, which we were unable to measure in the
present study [33]. As the genes coding for chemokines
and inflammatory cytokines were particularly more
strongly induced within the high responder group, it
could be possible that initiation of the inflammatory re-
action and the recruitment of other immune cells to
the site of infection was more efficient in the high re-
sponder group.

Gene expression pattern of antimicrobial peptides

Activation of the transcription factor NFkB is also
known to induce gene expression and production of the
antimicrobial peptides LYZ1, LPO, and LF. Normally,
antimicrobial peptides are constitutively expressed, even
if no direct bacterial stimuli is present. These peptides
are mostly constitutively expressed in cells, such as
epithelial cells, which are consistently exposed to bacteria.
For example, LF shows a bacteriostatic effect through its
capability to bind iron, which is essential for bacterial
growth [15]. However, in contrast to the report by
Griesbeck-Zilch et al. (2008), no up-regulation in LF gene
expression was detected in either of the treatment groups
[21]. Lysozyme is also a bactericidal protein that cleaves
peptidoglycans of the cell wall of gram-positive and gram-
negative bacteria. The third antimicrobial peptide analyzed
in this study was LPO, which is able to kill or inhibit
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bacteria in the presence of thiocyanate and hydrogen per-
oxide [34]. In the present study, significant induction of
the gene expression of LPO and LYZ1 was observed only
in the high responder group. Furthermore, the gene ex-
pression levels of LPO and LYZ1 were significantly greater
in the high responder group, as compared to the low re-
sponder group.

Danger associated molecular pattern molecules

The acute phase proteins SI00A12 and S100A9 also
participate in the regulation of inflammatory processes,
as well as the induction of cytokine and chemokine
production. The significantly greater gene expresison
levels in the high responder group compared to the low
responder group could, therefore, together with the
chemokines, also contribute to greater activation of im-
mune cells, resulting in a stronger and faster adaptive im-
mune response than in the low responder group [35, 36].
The induction of S100A12 gene expression through
gram-positive pathogens has already been reported by
Lutzow et al. (2008), Sorg et al. (2013), and Giinther et
al. (2009), which prompted the question as to whether
these molecules are involved in the initial response to
bacterial infection [11, 12, 29].

Apoptosis related genes

Apoptosis is an important biochemical process respon-
sible for the proper development and function of the im-
mune system. It has already been shown that apoptosis of
bovine mammary epithelial cell lines and primary bovine
epithelial cells occurs in response to S. aureus infection
[37]. Considering the induction of apoptosis, the ppMEC
of the high responder group also showed significantly
stronger induction of the pro-apoptotic genes Bax, FAS,
CASPASE 8, and CASPASE 3 post-infection, as compared
to the low responder group. This finding could indicate
that the cells in the high responder group were subjected
to stronger apoptotic events.

Conclusions

When the expression patterns of genes involved in the
TLR signaling pathway and those coding for effector
molecules were compared between the low and high
responder group, it seems that induction of the innate
immune response was quicker in the high responder
animals. The greater expression levels of genes involved
in the TLR pathway, cytokines, and antimicrobial pep-
tides in ppMEC of the high responder group could be
advantageous for the recruitment and activation of im-
mune cells, resulting in a stronger and faster adaptive
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immune response than in the low responder group,
which in turn leads to a faster induction of antibody
producing B-cells and to greater Ig concentrations in
milk. It might be possible that the gene expression pat-
tern of the ppMEC during infection together with the
gene expression pattern of the bovine lymphocytes is
the key to the discovery of new molecular biomarkers
to identify cows with an effective immune response and
greater amounts of Igs produced in milk. The data
obtained from cell culture studies with ppMEC, will be
correlated with the gene expression pattern of bovine
lymphocytes in our next publication. So, far, genes
coding for components of the TLR pathway (LY96,
CD14, TIRAP, and RELA), the chemokines CXCLS,
CCL5, and CXCLS5, the inflammatory cytokines IL6 and
IL1-A, the antimicrobial peptides LYZ1 and LPO, and
the danger-associated molecular pattern molecules
S100A9 and S100A12 appear to be promising as potential
candidates for molecular markers, as all were differentially
expressed between the low and high immunoglobulin re-
sponder group.
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Abstract

Negative energy balance and ketosis are thought to cause impaired immune function and to
increase the risk of clinical mastitis in dairy cows. The present in vitro study aimed to investi-
gate the effect of elevated levels of the predominant ketone body B-hydroxybutyrate on the
innate defense capability of primary bovine mammary epithelial cells (pbMEC) challenged
with the mastitis pathogen Escherichia coli (E. coli). Therefore, ppbMEC of healthy dairy
cows in mid- lactation were isolated from milk and challenged in culture with 3 mM BHBA
and E. coli. pbMEC stimulated with E. coli for 6 h or 30 h showed an up-regulation of several
innate immune genes, whereas co-stimulation of pobMEC with 3 mM BHBA and E. coli
resulted in the down-regulation of CCL2, SAAS, LF and C3 gene expression compared to
the challenge with solely the bacterial stimulus. These results indicated that increased
BHBA concentrations may be partially responsible for the higher mastitis susceptibility of
dairy cows in early lactation. Elevated levels of BHBA in blood and milk during negative
energy balance and ketosis are likely to impair innate immune function in the bovine mam-
mary gland by attenuating the expression of a broad range of innate immune genes.

Introduction

High-producing dairy cows often experience a state of negative energy balance (NEB) during
the first weeks of lactation. Milk production rapidly increases after calving, so that the cows
require more energy for maintenance, growth and milk production than they are able to obtain
through feed intake and digestion [1-3]. To compensate for the deficiency in energy supply in
early lactation, body fat reserves are mobilized resulting in an increase of the plasma concentra-
tion of non-esterified fatty acids (NEFA) [4,5]. NEFA are taken up by the liver and further pro-
cessed via the B-oxidation pathway in mitochondria, where acetyl-CoA is formed, which enters
the tricarboxylic acid cycle (TCA cycle) to form citrate by condensation with oxaloacetate. In
order to generate essential glucose and carbohydrates in NEB, gluconeogenesis occurs in

the liver using oxaloacetate as main substrate. This leads to an insufficient availability of
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oxaloacetate for the removal of acetyl-CoA and hence an accumulation of acetyl-CoA. Alterna-
tively, acetyl-CoA is metabolized via ketogenesis to the ketone bodies acetoacetate, B-hydroxy-
butyrate (BHBA) and acetone [1]. Therefore, cows in NEB show increased concentrations of
ketone bodies in their blood and milk. The predominant circulating ketone body in dairy cattle
that contributes to the development of subclinical or even clinical ketosis is BHBA [2]. Subclini-
cal ketosis is characterized by elevated plasma concentrations of ketone bodies in the absence of
the clinical signs of ketosis [6] and is defined at a plasma concentration of 1.4 mM BHBA [5,7],
whereby the threshold for clinical ketosis is defined at a plasma concentration of 2 to 3 mM
BHBA [5]. Cows suffering from clinical ketosis show signs of indigestion resulting in decreased
feed intake, body weight and milk production. In addition, they can be lethargic or abnormally
agitated [4]. It has already been discussed that NEB and ketosis might be linked to an increased
risk of clinical mastitis in dairy cows, especially in the early phase of lactation. The major masti-
tis pathogens that cause mastitis are either gram-positive germs, like Staphylococcus aureus or
gram-negative germs like Escherichia coli (E. coli). In case of an E. coli induced mastitis, the milk
producing parenchyma, the milk collecting cistern and the teat show acute symptoms of inflam-
mation, elevated body temperature, decreased milk production and elevated somatic cell counts
(SCC) [6]. Mastitis affects dairy cow health and welfare, but is also one of the most costly dis-
eases in the dairy industry due to reduced milk yield and quality [8]. Since primary bovine
mammary epithelial cells (pbMEC) are known to be part of the innate immune system of the
bovine mammary gland [9], we used a 3D cell culture approach to investigate the effect of ele-
vated BHBA levels on the innate defense capability of ppMEC challenged with the mastitis path-
ogen E. coli. pbMEC represent the first cellular line of defense, after a pathogen manages to
cross the teat barrier, therefore ppMEC express transepithelial receptors, like the toll-like recep-
tors (TLR) on their cell surface [10]. Through the activation of the TLR-pathway by pathogen
associated molecular patterns, ppMEC are able to induce a downstream signaling cascade,
resulting in the activation of the transcription factor NFKB and hence in the production of che-
motactic molecules like pro-inflammatory chemokines, cytokines and acute phase proteins
[11,12]. Thus, the recruitment of other immune cells, like leucocytes and macrophages to the
site of infection is one of the main tasks of ppMEC in innate immunity. Therefore, ppMEC of
healthy dairy cows in mid-lactation were isolated from fresh milk and challenged with 3 mM
BHBA and E. coli. The approach aimed to stimulate the metabolic state of ketosis and, in addi-
tion, an inflammation of the mammary epithelium in vitro. Results should elucidate the influ-
ence of ketosis on the innate immune response of the bovine mammary gland to mastitis.

Materials and Methods
Cultivation of ppbMEC

The pbMEC were isolated from the milk of six healthy, first lactating Brown Swiss cows (Veit-
shof Research Station, Technische Universitit Miinchen, Freising, Germany) in mid-lactation
(100-200 days in lactation). Cows with a somatic cell count (SCC) below 200,000 cells per mil-
liliter milk, were considered healthy. The cell isolation was basically conducted as described in
previous studies [12,13], with slight changes in the washing procedure. In brief, milk cells were
harvested (10 min, 1850 x g), the cell pellet was washed with 1x HBSS buffer (Sigma-Aldrich,
Saint Louis, USA) supplemented with antibiotics and antimycotics (penicillin/streptomycin,
amphotericin B, Sigma-Aldrich) and the cell suspension was filtered twice through filters with
different pore sizes (100 um, 40 pm, Greiner Bio-One GmbH, Frickenhausen, Germany).

The cells were then re-suspended in 4 ml of pre-warmed DMEM-F12 Ham medium (Sigma-
Aldrich) supplemented with ITS liquid media supplement, antibiotics, antimycotics (Sigma-
Aldrich) and FBS (gibco™ Lifetechnologies GmbH, Darmstadt, Germany) (proliferation
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medium), and seeded in one well of a coated (2.4 mg/ml Matrigel™, Corning Inc., Corning,
NY) 6-well culture plate. The cells were cultivated at 37°C, 5% CO, and 90% humidity. The
pbMEC were sub-cultivated twice with 0.25% trypsin-EDTA solution (Sigma-Aldrich), before
they were cryopreserved in liquid nitrogen.

Immunocytochemistry

The pbMEC of all animals were seeded at a density of 1.5x10* cells per well in 8-well LabTec
chamber slides (LAB-Tec, Nunc, GmbH, Langenselbold, Germany) and provided with prolifer-
ation medium. At a confluency of 70-80% the medium and the culture chambers were removed
and the cells fixed in ice cold methanol/acetone (1:1) for 10 min. Immunocytochemistry (IC)
was conducted with the monoclonal mouse anti-cytokeratin pan antibody clone C-11 (1:400 in
PBST, Sigma-Aldrich), as described earlier [13] [14].

Mycoplasma Test

The PCR Mycoplasma Test Kit (AppliChem GmbH, Darmstadt, Germany) was used. Cell cul-
ture supernatants were sampled for each animal and stored at- 80°C until further processing.
The analysis was conducted according to the manufacturer’s instructions.

Imitation of the ketotic state and immune stimulation with E. coli

Treatment with BHBA and E. coli was performed in duplicate. The ppMEC were seeded at a
density of 2x10* cells per well in 6-well plates coated with 2.4 mg/ml Matrigel ®
Corning, NY). For the E. coli treatment, three counting wells were seeded per animal. The
pbMEC on those wells were trypsinized with a solution of 0.25% trypsin-EDTA (Sigma-
Aldrich) upon reaching confluency and counted (TC10™ Automated Cell Counter, Bio-Rad
Laboratories GmbH) using the life-dead staining with 0.4% trypan blue (Bio-Rad Laboratories
GmbH, Munich, Germany). The mean value of the cell count served as benchmark for the cell
number in all other experimental wells and was the basis for calculating the multiplicity of
infection (MOI). After reaching 70-80% confluency, the proliferation medium was replaced
with DMEM/F12 Ham medium supplemented with only ITS (Sigma-Aldrich) (challenge
medium). After 24 h, the medium was removed and the first samples were taken (0 h time-
point). The other cells were treated using different approaches. Control cells were left untreated
and were further incubated in a challenge medium for 24 h, 30 h and 54 h. Cells which should
be treated with 3 mM BHBA (Sigma-Aldrich), were treated with challenge medium supple-
mented with 3 mM BHBA for additional 24 h, 30 h and 54 h. For cells to be treated either only
with E. coli or with both E. coli and 3 mM BHBA, pbMEC were infected with a multiplicity of
infection (MOI) of 30 colony forming units per cultured cell. The infected ppMEC were further
cultivated for 6 h and 30 h with E. coli alone, or with E. coli and BHBA (30 h BHBA & 6 h E.
coli and 54 h BHBA & 30 h E. coli) (Fig 1). The cell culture samples were lysed in Qiazol (Qia-
gen, Hilden, Germany) and stored at -80°C until further analysis. For each treatment time-
point, cell culture supernatants were also sampled and stored at -80°C.

(Corning Inc.,

RNA extraction and reverse transcription (RT)

Total RNA, including mRNA and miRNA, was extracted with the miRNeasy Micro Kit (Qia-
gen) according to the manufacturer’s instructions with slight modifications. An additional
incubation for 5 min with buffer RPE was added to the standard protocol in order to reduce
contaminations of the RNA with guanidine thiocyanate. The NanoDrop 1000 photometer
(Peqlab, Erlangen, Germany) was used to verify RNA concentration and purity, whereas the
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ctr
BHBA
Oh 24h 30h 54h
ctr ctr ctr ctr
BHBA BHBA BHBA
E. coli E. coli
BHBA + E. coli BHBA + E. coli

Fig 1. Treatment scheme of the pbMEC in vitro. The green arrow indicates the untreated control samples
that were taken at every relevant time-point (0 h, 24 h, 30 h and 54 h). The blue arrow indicates the BHBA
treatment time-points. The ppMEC that were only treated with 3 mM BHBA were also sampled at every
relevant time-point (24 h, 30 h and 54 h). The red arrows indicate the two treatment intervals for the E. coli
treatment (6 h and 30 h). It can be clearly seen that within the co-stimulated pbMEC, a 24 h adaptation phase
to 3 mM BHBA preceded the bacterial treatment, so that ppbMEC stimulated with E. coli for 6 h, obtained a
total BHBA treatment period for 30 h and pbMEC stimulated with E. coli for 30 h obtained a total BHBA
treatment period of 54 h.

doi:10.1371/journal.pone.0157774.g001

2100 Bioanalyzer and the RNA 6000 Nano Kit (Agilent Technologies, Waldbronn, Germany)
were used to determine RNA integrity. The analysis was conducted following the manufactur-
er’s instructions. Isolated RNA was stored at -80°C until further processing. The master mix
for the reverse transcription of 400 ng RNA to cDNA contained the following components in a
total volume of 20 pl: 0.5 mM Oligo-d(T) primers (Fermentas, St Leon-Rot, Germany), 0.5 M
dNTPs, 5x buffer, 100U M-MLV H(—) reverse transcriptase (Promega, Mannheim, Germany)
and 2.5 pM random hexamer primers (Invitrogen Life Technologies, Darmstadt, Germany).
The cDNA was diluted 1:1 to a final concentration of 10 ng/pl. RNA isolated from bovine
spleen and bovine udder tissue was used as positive control. Furthermore, a negative control
and a non-template control (NTC) were carried along with the RT-PCR. The T-Personal Ther-
mocycler (Biometra, Gottingen, Germany) was used to conduct the RT-PCR according to the
following protocol: Annealing: 21°C, 10 min, transcription phase: 48°C, 50 min, degrading
phase: 90°C, 2 min. cDNA was stored at— 20°C until further analysis.

RT-gPCR primer design

24 specific primer pairs for Bos taurus were designed using Primer3web version 4.0.0 [15,16],
based on published bovine nucleic acid sequences of the National Center for Biotechnology Infor-
mation gene database (NCBI, National Library of Medicine, Bethesda MD), and ordered from

Sigma-Aldrich. Amongst primers targeting the genes involved in the innate immune response, 4
primers targeted the reference genes ACTG1, GAPDH, YWHAZ and KRT8 (Table 1).

Expression profiling via RT-qPCR

The RT-qPCR reactions were conducted on the CFX384™ Real-Time System (Bio-Rad Labora-
tories GmbH). 10 ng/ul cDNA were mixed together with a master mix consisting of SsoFast™
EvaGreen®™ Supermix (Bio-Rad Laboratories GmbH), VisiBlue™ qPCR mix colorant (TATAA
Biocenter, Gothenburg, Sweden), RNase/DNase-free DEPC water and 20 uM of each Primer.
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Table 1. Primer for RT-gPCR measurements.

Gene name NCBI reference sequence Primer sequence (5’ -> 3’) L' [bp]
number

Forward
Reverse

TLR pathway

Toll-like receptor 4 (TLR4) NM_174198.6 TGCTGGCTGCAAAAAGTATG 213
TTACGGCTTTTGTGGAAACC

Myeloid differentiation primary response gene (MYD88) NM_001014382.2 CTGCAAAGCAAGGAATGTGA 122
AGGATGCTGGGGAACTCTTT

V-rel reticuloendotheliosis viral oncogene homolog A (avian) (NF-kappa- NM_001080242.2 ACAGCTTTCAGAACCTGGGG 140

B p65 subunit) (RELA)
GACGGCATTCAGGTCGTAG

Complement system

Complement component 3 (C3) NM_001040469 AAGTTCATCACCCACATCAAG 191
CACTGTTTCTGGTTICTCCTC

Chemokines

Chemokine (C-C motif) ligand 2 (CCL2) NM_174006.2 TCTCGCTGCAACATGAAGGT 121
TATAGCAGCAGGCGACTTGG

Chemokine (C-C motif) ligand 20 (CCL20) NM_174263.2 CTTGTGGGCTTCACACAGC 115
GTTTCACCCACTTCTTCTTTGG

Interleukin 8 (CXCLS8) NM_173925.2 AAGAATGAGTACAGAACTTCGATGC 160
GTTTAGGCAGACCTCGTTTCC

Inflammatory cytokines

Interleukin 6 (IL6) NM_173923.2 TGGTGATGACTTCTGCTTTCC 109
AGAGCTTCGGTTTTCTCTGG

Tumor necrosis factor a (TNFa) NM_173966.2 CCACGTTGTAGCCGACATC 108
ACCACCAGCTGGTTGTCTTC

Acute phase proteins / danger associated molecular pattern molecules

Serum amyloid A3 (SAA3) NM_001242573.1 CACGGGCATCATTTTCTGCTT 179
GGGCAGCGTCATAGTTTCCA

Haptoglobin (HP) NM_001040470.1 AATGAACGATGGCTCCTCAC 176
TTGATGAGCCCAATGTCTACC

S$100 calcium binding protein A9 (S700A9) NM_001046328.1 CTGGTGCAAAAAGAGCTGC 128
AGCATAATGAACTCCTCGAAGC

Antimicrobial peptides

Lactoferrin (LF) NM_180998.2 CGAAGTGTGGATGGCAAGGAA 215
TTCAAGGTGGTCAAGTAGCGG

Lysozyme 1 K (LYZ1) NM_001077829.1 AAGAAACTTGGATTGGATGGC 185
ACTGCTTTTGGGGTTTITGC

Tracheal antimicrobial peptide (TAP) NM_174776.1 AGGAGTAGGAAATCCTGTAAGCTGTGT 113
AGCATTTTACTGCCCGCCCGA

Lingual antimicrobial peptide (LAP) NM_203435.3 AGAAATTCTCAAAGCTGCCG 107
CAGCATTTTACTTGGGCTCC

Lactogenesis

Signal transducer and activator of transcription 5 (STAT5) NM_001012673.1 GTGAAGCCACAGATCAAGCA 176
TCGAATTCTCCATCCTGGTC

B-casein (CSN2)? NM_181008.2 GGCTATGGCTCCTAAGCACA 163
AGTTGGAGGAAGAGGCTGGT

k-casein (CSN3)® NM_174294 1 GGAGCCTAAAACCCACAGACA 151

(Continued)
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Table 1. (Continued)

Gene name NCBI reference sequence Primer sequence (5’ -> 3’) L' [bp]
number
Forward
Reverse
CAGCACAACTTTGGAAGGGC
Others
Myxovirus (influenza virus) resistance 2 (mouse) (MX2) NM_173941.2 CTTCAGAGACGCCTCAGTCG 232
TGAAGCAGCCAGGAATAGTG
Reference genes
Actin, gamma 1 (ACTGT) NM_001033618 AACTCCATCATGAAGTGTGAC 234
GATCCACATCTGCTGGAAGG
Glyceraldehyd-3-phosphate dehydrogenase (GAPDH) NM_001034034.1 GTCTTCACTACCATGGAGAAGG 197
TCATGGATGACCTTGGCCAG
Tyrosine 3-monoxygenase/tryptophan 5-monoxygenase activation NM_174814.2 CAGGCTGAGCGATATGATGA 141
protein, zeta polypeptide (YWHAZ)
GACCCTCCAAGATGACCTAC
Cytokeratin 8 (KRT8) NM_001033610 TGGTGGAGGACTTCAAGACC 215

" L: Length in base pair
2Tm: 62°C
3 Tm: 54°C

doi:10.1371/journal.pone.0157774.t1001

CGTGTCAGAAATCTGAGACTGC

The RT-qPCR was conducted on the CFX384™ Real-Time System with the following protocol:
Activation of the DNA polymerase: 95°C, 30 sec, and 40 cycles of cDNA denaturation: 95°C, 5
sec and primer annealing and elongation: 54°C, 60°C, 62°C (*), 5 sec (* primer specific anneal-
ing temperature, Table 1). Primer specificity was verified by checking the melting curves of the
RT-qPCR products.

Data pre-processing and data analysis

The cycle of quantification (Cq) was automatically detected by the CFX Manager Software ver-
sion 2.1 (Bio-Rad Laboratories GmbH). Using the geNorm tool in GenEx 5.4.4 (MultiD; Goth-
enburg, Sweden), raw Cq values were processed to identify stably expressed reference genes for
target gene normalization. Fold changes of gene expression were determined according to the
2"(44CD method according to [17] for each sample. Statistics were calculated using SigmaPlot
13.0 (Systat Software GmbH). The dCq values were checked for a normal distribution, before
the paired t-test was conducted. In the case of abnormally distributed data, a signed rank test
was used. Regulation of gene expression was regarded as differentially expressed for p < 0.05
in a paired t-test on dCq values between the treatment group and the corresponding control
group or between two different treatments. When distinct changes in gene expression are men-
tioned, a p-value between 0.05 < p < 0.10 was calculated. The minimum information for the
publication of quantitative real-time PCR experiments (MIQE) Guidelines [18] was considered
during the entire RT-qPCR quantification workflow.

ELISA measurements

The amount of secreted protein into the cell culture supernatant was evaluated for lactoferrin
(LF) and CCL2. The protein content of LF in the cell culture supernatants was determined
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using the lactoferrin ELISA established at our institute and described in earlier studies [13].
Slight variations were applied to adapt the protocol to the low concentration of LF obtained in
cell culture supernatants. Therefore, the standard curve for LF (colostrum isolate, Sigma-
Aldrich) ranged from 12.5 ng/100 pl- 0.049 ng/100 pl and was diluted in phosphate buffered
saline-Tween buffer (PBS-T, 1 g/l Tween 20, Merck Chemicals GmbH). For the ELISA mea-
surements, 100 pl of the diluted standard and the undiluted cell culture supernatants, were
applied to multiwell plates (96-well, Maxisorp, Nunc®, Sigma-Aldrich, Saint Louis, USA).
Additionally 50 ul of the LF antibody (Ak8836, BE Ak8836, BE 08.092009) (1:300000 in PBST)
were added to each well of the microplate. The ELISA plate was incubated at 4°C and left
slightly shaking overnight. Afterwards, the ELISA plate was set to room temperature for 30
min before 6 ng/100 pl biotinylated LF was applied and incubated on a shaker for 45 min at
room temperature. The microplate was then washed four times with PBST and 100 pl strepta-
vidin-HRP working solution (Roche Applied Science, Basel, Switzerland) diluted 1:20000 in
PBST was added and incubated for 15 min protected from light. After four additional washing
steps, the HRP substrate reaction was started [19] and stopped after 40 min in the dark with 2
M H,SO, before the substrate reaction was evaluated at 450 nm using a Microplate Reader
(Sunrise™, Tecan Group Ltd., Mdnnedorf, Switzerland). The mean value of the LF concentra-
tion was determined using the OD values of the standard curve within the linear range.

For the determination of the CCL2 amount in cell culture supernatants, the bovine CCL2
VetSet™ ELISA Development Kit (Kingfisher Biotech, St Paul, USA) was used. The ELISA was
conducted according to the manufacturer’s instructions, with slight changes. As the challenge
medium did not contain any carrier protein, the samples and the standard diluent (challenge
medium) were supplemented with a solution of 4% BSA (Sigma-Aldrich) in DPBS, so that
finally 1% BSA was present in the cell culture samples and the standard diluent. The substrate
reaction was induced by the addition of TMB substrate and stopped after 30 min with 0.18 M
H,SO, (ELISA Accessory Pack, Kingfisher Biotech). The mean value of the CCL2 concentra-
tion was determined using the OD values of the standard curve within the linear range. For the
statistical analysis of the treatment effect on CCL2 and LF protein secretion, the mean values of
the E.coli treated group were compared to the mean values of the co-stimulated treatment
group, using a paired t-test.

Results
Confirmation of the epithelial character and purity of the ppMEC cultures

It was proven that none of the ppMEC cultures used in this experiment were contaminated
with mycoplasma. Furthermore, an IC confirmed the epithelial character of the cells, as all
pbMEC cultures were positively stained with the monoclonal mouse anti-cytokeratin pan anti-
body clone C-11 and showed the typical cobblestone-like morphology (Fig 2).

Effects of the immune stimulation on ppMEC in ketotic and non-ketotic
state

The ketone body BHBA itself had only slight effects on the gene expression of CCL20, CXCLS,
IL8, TNFa, LYZ1, TAP, C3, RELA and LF (Table 2). However, due to a normal t-test, a distinct
up-regulation in the gene expression of the genes coding for CCL20, LYZ1 and TNFa, and a
significant induction of gene expression for the genes coding for CXCL8, IL6, RELA and TAP,
could be detected (Table 2). Only the gene coding for LF showed a significant down-regulation
30 h after treatment start (Table 2). All other genes evaluated in this study were not altered by
the treatment with 3 mM BHBA itself (Table 2). Treatment with the gram-negative pathogen
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Fig 2. IC of pbMEC. The typical cobblestone-like morphology and the epithelial character were confirmed, by
the positive cytokeratin staining, the insert shows the negative control. [Leica light microscope, magnification
x200].

doi:10.1371/journal.pone.0157774.g002

E. coli, however, had a great influence on the gene expression of nearly all immune genes inves-
tigated in this study. In both cases, when cells were only treated with E. coli or co-stimulated
with E. coli and 3 mM BHBA, a strong induction of the immune gene expression could be
detected. Regarding the gene expression of genes coding for components of the TLR pathway,
no differential gene expression could be detected for MyD88 when compared to the untreated
control (Table 2). Only the TLR4 gene expression showed a significant up-regulation 30 h after
treatment start (Table 2). The gene expression of RELA, the NF-kappa-B p65 subunit, was sig-
nificantly up-regulated when the ppMEC were only treated with E. coli for 6 h. The genes cod-
ing for the chemokines, however, were strongly induced by the E. coli treatment and co-
stimulation with E. coli and 3 mM BHBA (Table 2). Therefore, CCL2 and CCL20 gene expres-
sion was significantly up-regulated during the 6 h and the 30 h treatment time-point. By con-
trast, the gene expression of CXCL8 was also strongly induced, however, a significant increase
in the gene expression could only be detected 30 h post-infection. The gene expression of the
two pro-inflammatory cytokines IL6 and TNFa was also highly significantly induced 30 h post
infection in the E. coli treated and in the co-stimulated samples (Table 2). Regarding the anti-
microbial peptides LF, LYZ1 and TAP, a distinct as well as significant up-regulation of the
gene expression could be detected through the E. coli treatment and co-stimulation (Table 2).
Stimulation with the mastitis pathogen E. coli also induced a significant up-regulation of the
gene expression of the gene coding for the acute phase protein SAA3 after 6 h and in the co-
stimulatory experiment 30 h after treatment start (Table 2). The danger associated molecular
pattern molecule S100A9 was distinctly and highly significant altered by the E. coli treatment
and co-stimulation with E. coli and 3 mM BHBA. No effect of the treatment with E. coli or the
co-stimulation with E. coli and 3 mM BHBA could be detected on the gene expression of the
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Table 2. Fold changes in gene expression upon immune stimulation.

Time-point
30h 54h
Treatment Treatment
Genes BHBA' E.col? BHBA + BHBA* E.col® BHBA +
E.col® E.coli®
Chemokines
CCL2
Fold 0.89 7.56 i 6.29 R 1.16 94.72 REE 58.12 e
SEM 0.10 2.00 2.12 0.26 46.64 27.19
CCL20
Fold 1.39 49.49 ** 46.16 ** 1.86 + 205.78 e 185.22 *xx
SEM 0.34 21.32 23.99 0.30 89.43 77.31
CXCL8
Fold 2.12 * 10.13 7.66 1.92 * 29.29 *x% 30.67 *xX
SEM 0.44 2.16 1.54 0.49 8.68 9.43
Inflammatory cytokines
IL6
Fold 1.38 * 2.71 2.86 1.52 5.72 *xx 6.07 *EY
SEM 0.14 0.49 0.61 0.28 1.99 1.86
TNFa
Fold 1.24 17.62 17.04 1.85 + 49.68 R 44.36 REx
SEM 0.22 6.06 7.84 0.34 17.76 15.32
Antimicrobial peptides
LF
Fold 1.14 5.49 ** 2.39 + 0.71 * 9.59 *x% 4.99 **
SEM 0.23 1.85 0.68 0.12 4.32 2.04
LYZ1
Fold 1.13 2.79 + 2.21 * 2.22 + 25.92 ** 16.59 *%
SEM 0.18 0.76 0.59 0.55 9.19 6.75
TAP
Fold 1.22 3.70 + 3.39 * 2.59 * 66.83 ** 38.11 **
SEM 0.44 1.12 1.26 0.59 34.84 15.95
Acute phase proteins
SAA3
Fold 0.94 35.19 i 31.38 ** 1.83 2302.14 738.94 xxHE
SEM 0.19 11.15 13.04 0.35 1183.19 361.50
Complement system
C3
Fold 1.02 3.12 *% 2.04 0.77 + 10.54 ** 3.43 *xx
SEM 0.16 0.60 0.62 0.16 4.72 0.84
TLR signaling
TLR4
Fold 1.05 1.36 * 1.04 0.90 117 1.20
SEM 0.09 0.14 0.11 0.10 0.11 0.11
MYD88
Fold 1.07 1.08 1.02 0.98 1.01 0.99
SEM 0.08 0.09 0.10 0.09 0.10 0.10
(Continued)
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Table 2. (Continued)

E.coli®

30h
Treatment

Genes BHBA' E.col BHBA +
RELA

Fold 1.37 ** 1.32 * 1.14

SEM 0.11 0.15 0.12
Others
MX2

Fold 1.81 3.89 *¥ 5.08

SEM 0.39 0.79 1.66
S100A9

Fold 1.28 3.88 + 2.94

SEM 0.46 1.52 1.00
Lactogenesis
STAT5

Fold 1.64 1.55 1.84

SEM 0.48 0.63 0.73
CSN3

Fold 1.05 1.40 1.64

SEM 0.18 0.35 0.57

The treatment effect was statistically evaluated using a paired t-test.
1 30h BHBA treatment

2 6h E. coli treatment

3 30h BHBA and 6h E. coli treatment
4 54h BHBA treatment

5 30h E. coli treatment

6 54h BHBA and 30h E. coli treatment
*Trend 0.1 < p <0.05

*p <0.05

**p <0.01

*** p < 0.001

doi:10.1371/journal.pone.0157774.t002

Time-point

BHBA*

1.17
0.23

2.15

0.88

1.43

0.24

1.40

0.26

1.31
0.24

54h
Treatment

E.coli®

1.42
0.23

13.42 *HE

4.16

11.94 **

4.33

1.07

0.14

2.36
0.69

BHBA +
E.coli®

1.33
0.32

8.20

2.50

9.73

4.07

1.25

0.14

1.46
0.37

* %%

*%

gene responsible for the induction of lactogenesis, STATS5, and for the gene coding for the milk
protein k-casein (CSN3) (Table 2).

Differences in the gene expression of pbMEC through the co-stimulation
of pbMEC with E.coli and 3 mM BHBA or only E. coli

The direct comparison of the E. coli treatment and the co-stimulation with 3 mM BHBA and E.
coli indicated a significant down-regulation of the gene expression within the ppMEC that
received challenge medium supplemented with E. coli and 3 mM BHBA. The p-values were
evaluated using a normal t-test that compared the dCq values of the E. coli treated ppMEC
directly to the dCq values of the co-stimulated ppMEC (Fig 3). Within the genes coding for the
chemokines, the gene coding for CCL2 showed a distinct down-regulation 6 h post-infection.
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Fig 3. Attenuation of the gene expression through the co-stimulation of ppMEC with E. coli and 3 mM BHBA. Fold
change of (A) the chemokine CCL2, (B) the milk protein CSN3, (C) the complement component C3, (D) the antimicrobial
peptide LF, (E 1-2) the acute phase protein SAA3, and (F) the inflammatory cytokine IL6. Significant changes in the gene
expression between the E. coli treated ppMEC and the ppbMEC co-stimulated with E. coli and 3 mM BHBA are indicated by

stars: *p < 0.05, **p < 0.01, ***p < 0.001.

doi:10.1371/journal.pone.0157774.9003
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There was also a significant attenuation of gene expression 30 h after treatment start in the co-
stimulatory group (Fig 3A). The gene expression of IL6 was the only one that was significantly
induced due to the co-stimulation 30 h post-infection when directly compared to pbMEC,
which were only treated with E. coli for 30 h (Fig 3F). The genes coding for the antimicrobial
peptide LF, the acute phase protein SAA3, and the complement factor C3 showed the same
trend when the p-values were calculated (Fig 3C, 3D, 3E(1) and 3E(2)). All three genes showed
a significant and a highly significant down-regulation of the gene expression when ppbMEC
were treated with both E. coli and 3 mM BHBA (Fig 3C, 3D, 3E(1) and 3E(2)). Even if no
changes in the gene expression of the gene coding for the milk protein CSN3 could be detected
through the E. coli stimuli itself, the gene expression of CSN3 in the co-stimulatory experiment
was significantly down-regulated 30 h after treatment start compared to the treatment with
only E. coli (Fig 3B).

Correlation of RT-qgPCR data with protein data obtained from ELISAs of
the cell culture supernatants

For LF and CCL2, the RT-qPCR results could also be validated with an ELISA measurement.
The LF content in cell culture supernatants could be detected using the competitive LF-ELISA,
which is routinely used at our institute (53 Table). The LF content in the cell culture superna-
tants increased upon treatment of the ppMEC with the mastitis pathogen E. coli. However, the
amount of secreted LF decreased significantly 6 h and 30 h after treatment start within the cell
culture supernatant of the co-stimulated ppMEC (Fig 4B). The same trend could be seen when
the RT-qPCR data of CCL2 (Fig 4C, S4 Table) was compared to the protein data obtained by
the bovine CCL2 VetSet™ ELISA Development Kit. The amount of secreted CCL2 increased
upon stimulation with the gram-negative pathogen E. coli, but decreased distinctly and signifi-
cantly in the cell culture supernatant of the co-stimulated ppMEC (Fig 4D), thus confirming
the results obtained by RT-qPCR.

Discussion

Dairy cows are often challenged by mastitis-inducing gram-negative pathogens, like E. coli.
Despite several physiological defense barriers of the bovine mammary gland, those pathogens
are likely to enter the blood circulation via ppMEC, which are part of the blood-mammary
gland barrier [20,21]. Therefore, it has already been shown in previous studies that ppMEC are
mandatory for the induction of the innate immune response of the bovine mammary gland
[22]. It has already been proven that ppMEC bear germline-encoded TLR on their cell surface
and are hence able to directly respond to invading pathogens, due to the recognition of so-
called pathogen-associated molecular patterns (PAMP) [11,22]. It is known that innate leuko-
cytes are one of the most essential cellular components of innate immunity but bovine innate
leukocytes—and especially phagocytic neutrophils and macrophages—are not directly
attracted to pathogens or bacterial products [23,24]. Therefore, the induction of the TLR sig-
naling pathway that leads to the activation of the pleiotropic transcription factor NFKB and
hence to the induction of the gene expression of genes coding for intracellular signaling mole-
cules and chemotactic molecules, like pro-inflammatory cytokines, chemokines, components
of the complement system and acute phase proteins, is crucial for the recruitment of leukocytes
to the site of inflammation [25,26]. As several previous studies [9,11,22,26] have already shown
that bacterial challenge of ppMEC in vitro resulted in differential gene expression of the above-
mentioned innate immune gene classes, we also focused on those gene expression profiles. We
wanted to elucidate whether the treatment with E. coli and/or BHBA could interfere with the
gene expression of components of the MYD88 dependent TLR4 signaling cascade that is
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amount of secreted protein decreased distinctly as well as significantly within the co-stimulatory group. Significant changes: *p < 0.05,

**p < 0.01, ***p < 0.001, distinct changes: + 0.1 < p < 0.05.

doi:10.1371/journal.pone.0157774.9004

responsible for the proper activation of the essential p65 NFKkB transcription factor subunit
RELA. Furthermore, as it is known that the danger associated molecular pattern molecule
S100A9 and chemokines, like CCL2, CCL20 and especially CXCLS8, are important mediators of
the inflammatory response, we also investigated changes in the gene expression profile of com-
ponents of those innate immune gene families [9,22,25,27,28]. Especially CXCL8 is known to
be essential for the recruitment of leukocytes into the bovine mammary gland [25,29]. Further-
more, CCL2 as well as CXCLS8 are discussed to induce locally restricted polarized diapedesis of
neutrophils across epithelia and endothelia [9,30]. Furthermore, SI00A9 is also discussed to
contribute to the recruitment of leucocytes [28]. Despite of the chemokines, we were also inter-
ested in changes in the gene expression of genes coding for selected pro-inflammatory cyto-
kines, like IL6 and TNFa. For both, IL6 and TNFa, it has been postulated that they act as acute
phase cytokines and therefore are of great importance to the recruitment and activation of neu-
trophils [31,32]. We further focused on the gene expression of innate immune genes coding for
components of the innate humoral defense line. Among them were genes coding for the com-
plement component C3, the acute phase protein SAA3, several B-defensins (HP, TAP, LAP)
and antimicrobial peptides (LYZ1, LF). Those genes are normally constitutively expressed,
even if no bacterial stimuli is present but can be significantly induced upon pathogen recogni-
tion [22,25]. Those humoral defense molecules are more likely to directly act on the pathogen,
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while also contributing to the chemotactic gradient like the other classes of innate immune
genes presented in this paragraph. It has been shown that LF, LYZ1 TAP, LAP and HP exhibit
bacteriostatic and bactericidal properties [11,25]. Furthermore, the proper functionality of the
pbMEC used in this study was monitored by the evaluation of the gene expression profile of
genes involved in milk protein synthesis (STAT5A, B-casein, K-casein).

The innate immune response of ppbMEC is strongly induced by E. coli

Innate pathogen recognition is mainly mediated by the toll-like receptor pathway. In the pres-
ent study, TLR4 and the signal transducer MYD88 were analyzed. Both were expressed in our
pbMEC proving their ability to perceive invading pathogens. However, the expression of TLR4
and MYD88 was largely unaffected by the E. coli challenge, although there was a pronounced
inflammatory response. Similarly, [10] found no effect of LPS on TLR4 expression in ppMEC
and concluded that ppMEC contain a fully functional and constitutively active TLR signaling
pathway, which does not need to be up-regulated upon pathogen invasion. It seems that the
continuously expressed toll-like receptors are sufficient to induce an adequate inflammatory
response by the activation of signaling cascades that lead to the production of cytokines and
chemokines [10]. RELA, a subunit of NF-«B, was also not differentially expressed in E. coli
treated ppMEC. This can be explained by its role as a signal transducer, which needs to be con-
stitutively expressed in order to response immediately upon pathogen invasion.

The genes coding for chemokines like CCL2, CCL20 and CXCL8 were significantly up-regu-
lated in ppMEC stimulated with E. coli. The same effect could be found for the pro-inflamma-
tory cytokines TNFa and IL6. This confirmed the contribution of ppbMEC to the innate
immune system, as they exert immune modulatory functions. Following pathogen invasion,
pbMEC secrete signaling molecules like cytokines and chemokines to induce an inflammatory
response and to recruit immune effector cells like monocytes and lymphocytes to the site of
infection [33]. Our results are consistent with other studies which already mentioned the major
role of ppbMEC in triggering the innate immune response of the bovine mammary gland
[9,13,22]. It has been shown [34] that cell culture supernatants of E. coli treated ppMEC
enhanced the chemotactic activity of leukocytes, which is most likely a direct effect of the
induced chemokine production.

Exposure to E. coli activated the gene expression of genes coding for the antimicrobial pep-
tides LF, LYZ1 and TAP. The acute phase protein SAA3 and the complement component C3
were also induced by E. coli. This is in accordance with published data [12], where E. coli also
caused a strong induction of the gene expression of those defense molecules. The antimicrobial
peptide LF is known to inhibit the iron-dependent bacterial growth by binding free iron in
milk [25] and it is also able to directly kill bacteria by disrupting their cell membrane [35],
whereas LYZ1 destroys the outer membrane of gram-negative bacteria, like E. coli, by cleaving
peptidoglycans [36]. The B-defensin TAP and the acute phase protein SAA3 exert antimicro-
bial functions as well. SAA3, for instance, facilitates phagocytosis by opsonizing gram-negative
bacteria [37]. Activation of the complement cascade is another defense mechanism, as it results
in the formation of the membrane attack complex that disrupts the bacterial cell membrane.
Cleavage products of complement component C3 exert antimicrobial activity and are able to
opsonize microbes, thereby facilitating phagocytosis [38]. However, the most up-regulated
gene upon E. coli treatment was SAA3. The strong induction of the acute phase protein upon
pathogen invasion has also been shown in a study of [9,22,27]. SAA3 has already been pro-
posed as a potential biomarker for mastitis [27]. Furthermore, the gene coding for the danger
associated molecular pattern molecule S100A9 tended to be up-regulated by the E. coli treat-
ment, but fold changes were not significant. SI00A9 belongs to the S100 calgranulins, a group
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of anti-infective and anti-inflammatory proteins. Their functions include recruitment of leuko-
cytes, antimicrobial activity and oxidant scavenging [28].

The presence of BHBA attenuates the innate immune response of
pbMEC to E. coli

The present study is one of the first studies investigating the exclusive effect of the ketone body
BHBA on the innate immune response of ppMEC to E. coli in vitro. Prior to the immune chal-
lenge with the mastitis pathogen E. coli, ppMEC were accustomed to the metabolic state of
ketosis by exposure to 3 mM BHBA for 24 h. During the immune challenge, the exposure to
BHBA was continued. This approach was chosen because we wanted to analyze the influence
of an already existing ketosis on the innate immune response of ppMEC. It has been shown in
epidemiological studies that there is indeed an association between ketosis and an increased
risk of mastitis [39-41]. It is not yet clear by which mechanism ketosis interferes with the
immune defense of the bovine mammary gland. However, elevated BHBA levels are considered
to have inhibiting effects on immune cells [1]. Our in vitro approach aimed to investigate
whether this also applies to the innate immune response of bovine mammary epithelial cells. In
the present study, 4 of the 15 analyzed innate immune genes showed a significant down-regula-
tion in ppMEC co-stimulated with E. coli and 3 mM BHBA. Those were genes coding for the
chemokine CCL2, the acute phase protein SAA3, the antimicrobial peptide LF and the comple-
ment component C3. ELISA measurements for LF and CCL2 confirmed the finding of the RT-
qPCR (Fig 4A, S3 and 5S4 Tables). Therefore, protein biosynthesis followed the same trend as
gene expression when the ketone body BHBA was present in the cell culture supernatant. The
only gene that showed a significant induction in gene expression in the co-stimulatory experi-
ment was the pro-inflammatory cytokine IL6. Interestingly, the innate immune genes influ-
enced by BHBA belonged to different gene families, and genes from almost every analyzed
gene family were affected by the BHBA treatment in the co-stimulatory approach. This leads to
the conclusion that the immunosuppressive effect of BHBA results from an overall suppression
of the immune response and is not restricted to a single group of immune response genes. In
general, the immunosuppressive effect of BHBA was more pronounced after 54 h, indicating
that especially long-term ketosis had a negative effect on the gene expression of innate immune
genes. These findings are in agreement with a study on the influence of BHBA on the chemo-
tactic functions of leukocytes [42]. The authors observed an impairment of the chemotactic
capacity of leukocytes from naturally-occurring ketotic cows.

We could show that stimulation of ppMEC with the ketone body BHBA not only attenuates
the gene expression of the genes coding for CCL2 and LF, but also their protein biosynthesis
and hence protein secretion into the cell culture medium. The reduced concentrations of the
chemotactic protein CCL2 and the humoral response protein LF, are very likely to lead to a
reduced lymphocyte chemotaxis towards the bovine mammary gland, leading to greater masti-
tis susceptibility in cows.

A previously published study investigated the innate defense capability of ppMEC, which
were isolated after an induced negative energy balance in vivo, and subsequently challenged
with E. coli in vitro [13]. In this study, the combination of E. coli treatment and the dietary
energy deficit induced generally higher expression levels compared to the control-fed group.
This is contrary to our findings, as we observed a down-regulation of the gene expression by
co-stimulation of ppMEC with E. coli and 3 mM BHBA. However, the restriction feeding in the
above-mentioned experiment did not induce ketosis as proven by the small change in plasma
BHBA concentrations of restricted cows compared to the control cows [13,25,43]. Addition-
ally, pbMEC were cultivated in a common proliferation medium without BHBA, so that they
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were likely to regenerate from the previously experienced NEB during cultivation. In contrast,
our in vitro approach guaranteed a constant concentration of 3 mM BHBA during the whole
experiment, as the BHBA containing challenge medium was renewed every day.

Conclusion

The present in vitro study aimed to investigate the influence of ketosis on the innate immune
response of the bovine mammary gland to mastitis. Therefore, ppMEC isolated from milk were
challenged with the ketone body BHBA and the mastitis pathogen E. coli. Subsequently, the
changes in gene expression of innate immune genes were determined via RT-qPCR. An explicit
advantage of the present in vitro approach was the fact that it enabled the investigation of the
specific effect of BHBA on the innate immune response. Furthermore, experimental conditions
like BHBA concentration could be exactly defined. Exposure of pbMEC to the mastitis patho-
gen E. coli strongly induced the gene expression of several genes related to the innate immune
response like cytokines, chemokines, antimicrobial peptides, the complement factors and the
acute phase proteins. This proves the importance of ppMEC in the induction and promotion
of the innate immune response of the bovine mammary gland. Besides their ability to directly
combat invading pathogens by secreting various defense molecules, ppbMEC are also responsi-
ble for the recruitment of immune cells to the site of infection. The results of our study indi-
cated that increased BHBA concentrations may be at least partially responsible for the higher
mastitis susceptibility of dairy cows in early lactation. The gene expression of CCL2, SAA3, LF
and C3 was significantly down-regulated in ppMEC co-stimulated with 3 mM BHBA and E.
coli compared to the gene expression of ppMEC stimulated only with E. coli. Hence, the immu-
nosuppressive effect of BHBA might be attributed to an overall suppression of immune
response genes. Long-term elevated BHBA concentrations, in particular, seem to have a nega-
tive effect on the innate immune response.
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