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Abstract \Y

Transcriptome analysis using RNA-Seq on response of respiratory cells infected with porcine

reproductive and respiratory syndrome virus (PRRSV)

The porcine reproductive and respiratory syndrome (PRRS) is one of the most important viral
diseases of the swine industry worldwide (Balasuriya 2013). Its aetiological agent is the PRRS
virus (PRRSV) (Balasuriya 2013, Conzelmann et al. 1993). The understanding of the genetic
elements and functions, involved in the response to PRRSV and the comprehension of the changes

in the global transcriptome profile post infection, remain still unclear.

Main objectives of this thesis are to characterize the global transcriptome profile of PRRSV
infected lung DCs, by using the RNA-Sequencing (RNA-Seq), to improve the understanding of
genetic components in the response to PRRSV as well as to determine the changes in the

expression profile in different respiratory cells post PRRSV infection.

Six female 30 days old piglets of two different porcine breeds (Pietrain and Duroc) were selected,
PAMs, lung DCs and trachea epithelial cells were isolated and infected with the European
prototype PRRSV strain Lelystad virus (LV). Non-infected (0 h) and infected (3, 6, 9, 12, 24 hpi)
lung DCs, PAMs and trachea epithelial cells as well as cell culture supernatants were collected.
Non-infected and infected lung DCs of both breeds were used for RNA-Seq. The sequence
alignment was done with the reference genome build Suscrofa 10.2 and with the complete genome
of LV strain.

The transcriptome analysis of PRRSV infected lung DCs of Pietrain and Duroc resulted in an
amount of 20,396 porcine predicted gene transcripts. The virus sequence alignment exhibited that
the LV strain was able to infect lung DCs and to replicate there. Not only breed-differences post
PRRSYV infection in the virus growth, also breed-differences in the cytokine concentrations as well
as in the detected mRINA expression profiles and in the differently expressed genes were identified.
Beside these breed-dependent differences, cell-type dependent differences in the response to
PRRSV were characterized. 37 clusters for Pietrain and 35 clusters for Duroc and important
pathways were identified.

This thesis is the first comprehensive study that described the transcriptome profile of two different
breeds post PRRSV infection, especially of infected lung DCs. The main findings of the
investigations showed that the virus-host interaction was different for the various respiratory cell-
types and that the gene expression trends proceeded contrarily for both breeds during the first time
points after infection. Additionally, key clusters, key pathways and specific gene transcripts were

identified.



VI Kurzfassung

Transkriptom-Analyse mittels RNA-Seq von respiratorischen Zellen nach deren Infektion

mit dem Porcinen Reproduktiven und Respiratorischen Syndrom Virus (PRRSYV)

Das Porcine Reproduktive und Respiratorische Syndrom (PRRS) ist eine der wichtigsten viralen
Erkrankungen in der weltweiten Schweineindustrie (Balasuriya 2013). Das PRRS Virus (PRRSV)
ist der &tiologische Erreger (Balasuriya 2013, Conzelmann et al. 1993). Die Einflussnahme von
genetischen Elementen und Funktionen auf die Reaktion auf PRRSV sowie die Verianderungen im
Transkriptomprofil nach einer Infektion sind noch unklar.

Hauptziele dieser Dissertation sind, das globale Transkriptomprofil von PRRSV infizierten
Lungen-DCs mittels RNA-Sequenzierung (RNA-Seq) zu charakterisieren, das Verstiandnis iiber die
Einfliisse von genetischen Komponenten auf die Reaktion auf PRRSV zu verbessern und die
Veridnderungen im Expressionsprofil von unterschiedlichen respiratorischen Zellen nach der
Virusinfektion zu ermitteln.

Sechs weibliche, 30 Tage alte Ferkel von zwei unterschiedlichen Schweinerassen (Piétrain und
Duroc) wurden ausgewihlt. Aus deren Lungen wurden PAMs und DCs sowie Epithelzellen aus
deren Trachea isoliert. AnschlieBend wurden diese Zellen mit dem europdischen PRRSV Stamm
Lelystad Virus (LV) infiziert. Nicht-infizierte (0 h) und infizierte (3, 6, 9, 12, 24 hpi) Lungen-DCs,
PAMs und Trachea-Epithelzellen wie auch deren Zellkulturiiberstinde wurden gesammelt. Zur
RNA-Seq wurden nicht-infizierte und infizierte Lungen-DCs beider Schweinerassen eingesetzt.
Das Sequenzalignment erfolgte mit dem Referenzgenombild Suscrofa 10.2 und mit dem
kompletten Genom des LV Stammes. Die Transkriptom-Analyse von PRRSV infizierten Piétrain
und Duroc Lungen-DCs erkannte 20.396 porcine Gentranskripte. Das Virus Sequenzalignment
zeigte, dass der LV Stamm sowohl Lungen-DCs infizieren als auch sich dort replizieren kann.
Nach der PRRSV Infektion konnten Rassenunterschiede festgestellt werden, sowohl beim
Viruswachstum als auch in den Cytokinkonzentrationen sowie in identifizierten mRNA
Expressionsprofilen und bei den unterschiedlich exprimierten Genen. Zudem konnten
Reaktionsunterschiede auf PRRSV in den verschiedenen respiratorischen Zelltypen charakterisiert
werden. Es wurden 37 Cluster fiir Piétrain, 35 fiir Duroc sowie wichtige Pathways identifiziert.
Diese Dissertation ist die erste umfassende Studie, die das Transkriptomprofil von PRRSV
infizierten Lungen-DCs zweier unterschiedlicher Schweinerassen beschreibt. Als Hauptergebnisse
zeigten die Untersuchungen, dass die Virus-Wirts-Interaktionen fiir die verschiedenen
respiratorischen Zellen unterschiedlich verliefen und dass die Genexpressionstrends beider Rassen
wihrend der ersten Zeitpunkte nach der Infektion verschieden waren. Zusitzlich konnten

Schliissel-Cluster, Schliissel-Pathways und spezifische Gentranskripte identifiziert werden.
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1 Introduction

In November 2013 the federal statistical office of Germany published a report about
livestock status for Germany and listed 27,900 pig farms which keep in total 28,1 million
animals, this is a growth of approximately 10 % in relation to the situation of 2001
(Statistisches-Bundesamt 2010, 2014). In parallel, the application of medications in animal
production let to an increasing criticism because of the possible formations of multi-
resistant germs (BMEL 2011, Niggemeyer 2012).

In 2006 growth promoters were legally prohibited in Europe. Nationwide vaccination of
mycoplasma, of circovirus and partially of porcine reproductive and respiratory syndrome
(PRRS) helped to improve the health status in fattening pigs. These processes reduced the
risks of animal losses and allowed smaller applications of medications (Niggemeyer 2012).
Higher densities in closed environments and the increasing herd sizes improved the
possibility of transmission for airborne pathogens. Consequently in the modern swine
production, respiratory diseases are the most serious disease problem (Brockmeier et al.
2002, reviewed by Sgrensen et al. 2006).

One of the most important viral diseases of the swine industry worldwide is PRRS
(Balasuriya 2013). Its aetiological agent is the PRRS virus (PRRSV) (Balasuriya 2013,
Conzelmann et al. 1993). This syndrome costs the global swine industry significant
production losses, leads to poor financial circumstances annually (Neumann et al. 2005,
Pejsak and Markowska-Daniel 1997, reviewed by Zimmerman et al. 2012) and can become
endemic in the major swine producing areas of Europe (Mateu et al. 2003, Zimmerman et
al. 2012), Asia (Li et al. 2012, Tian et al. 2007), North and South America (Dewey et al.
2000, reviewed by Zimmerman et al. 2012). The massive outbreaks of PRRS in autumn
and winter of 2009/2010 were reported in the paper “top agrar 10/2010” (Pabst 2010).

The development of these respiratory diseases is a multifactorial complex, including
infectious agents, the host as well as environmental and management considerations and
genetic factors (Brockmeier et al. 2002, reviewed by Sgrensen et al. 2006). PRRSV
infected pigs are ineffective in eliminating the virus and PRRSV can induce a prolonged
viremia and a persistent infection (reviewed by Murtaugh et al. 2002). Unfortunately, the
PRRSV genome changes and heterologous strains quickly arise, due to the high degree of
genetic variability of PRRSV. Generally, the control remains problematic as the efficacy
and universality of PRRS vaccination has not been established and no effective treatments

against a largely uncontrolled disease are available (reviewed by Huang and Meng 2010,
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reviewed by Kimman et al. 2009, reviewed by Mateu and Diaz 2008, Modrow et al. 2010,
Palzer 2013).

PRRSV has a complex interaction with the immune system by replication and by strong
modulations of the host immune responses in innate tissue cells such as macrophages,
monocytes and dendritic cells (Genini et al. 2008, Loving et al. 2007, Miller et al. 2010,
Xiao et al. 2010b). Researches have indicated that there are breed differences and genetic
components, involved in the response to PRRSV infection. Variations in the host
susceptibility of animals and in host resistance have been mentioned (Halbur et al. 1998,
Petry et al. 2005). In their review Lunney and Chen (2010) summarized the influence
factors on research of resistance/susceptibility to viral pathogens, including the route of
infection, transmission, replication and the response of the innate and adaptive immune
system. The development of breeding programmes, including host genetic improvement
for disease resistance and tolerance may have an impact on the control and the reduction of
PRRS (Flori et al. 2011b, Lewis et al. 2007, Lewis et al. 2009).

The above mentioned facts lead to the still important necessities: to improve pigs' health, to
reduce economic losses, medical costs and treatments, to enhance breeding strategies for
pigs with good parameters of immunity and production traits, to develop higher control and
prevention strategies as well as more effective vaccines and to select disease resistant pigs.
There are genetic components involved in determining how effective each pig will
response to PRRSV infection. But a transcriptonal overview, related to understand the
genetic influence on the immunological reaction to PRRSV infection, is needed. The
knowledge about these factors is extremely important in order to increase the
understanding of the immune response to PRRSV and to develop control and therapy

strategies for this type of viral infection.

Accordingly, the main objective of this thesis was to investigate the transcriptome profile
of respiratory cells of two different genetic breeds after PRRSV infection and to
characterize gene expression changes of these cells. The aims in detail and the hypotheses

of this thesis follow in chapter 2.4.
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2 Literature review

2.1  Characterization of porcine reproductive and respiratory syndrome

2.1.1 Porcine reproductive and respiratory syndrome

In the late 1980s in the United States the first clinical outbreaks of porcine reproductive
and respiratory syndrome (PRRS) have been reported and recognized as a mystery swine
disease or swine infertility and respiratory syndrome (Benfield et al. 1992, Lépez 2001,
Wensvoort et al. 1991). In 1991 in the Netherlands the virus was subsequently isolated and
named Lelystad virus (LV) (Lépez 2001, Wensvoort et al. 1991). Fundamentally PRRS is
characterized by high mortality of nursery piglets (Pejsak and Markowska-Daniel 1997)
and leads to massive reproductive failures, including abortions, stillbirth (Lépez 2001,
Tizard 2013) and premature farrowings as well as to weak or mummified piglets
(Balasuriya 2013, Modrow et al. 2010, reviewed by Zimmerman et al. 2012). In pigs of all
ages, PRRS is associated with respiratory distress (Lépez 2001, Tizard 2013), interstitial
pneumonia in growing and finishing swines and it can cause decreased growth
performance (Collins et al. 1992, Xiao et al. 2010b). The aetiological agent of PRRS,
porcine reproductive and respiratory syndrome virus (PRRSV), is a single-stranded (ss) 15
kb positive-sense RNA virus with morphological and morphogenetic similarities to
members of the arterivirus group (Conzelmann et al. 1993, Meulenberg et al. 1993).
Arteriviridae are grouped together with the Coronaviridae and the Roniviridae in the order
of the Nidovirales. All Nidovirales members are enveloped viruses like the equine arteritis
virus and the lactate dehydrogenase-elevating virus (Balasuriya 2013, Modrow et al. 2010).
The consequences of an infection can range from a persistent infection to an acute disease
(reviewed by Snijder et al. 2013). Two distinct viral genotypes of PRRSV have been
isolated and characterized recently, the European strain (LV) and the Norh American strain
VR-2332 (Benfield et al. 1992, Collins et al. 1992, Modrow et al. 2010, Wensvoort et al.
1991). These two genotypes share morphological and structural similarities as well as

about 55 - 70 % identity at the nucleotide level (Balasuriya 2013, Modrow et al. 2010).
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2.1.2 Porcine reproductive and respiratory syndrome virus genome organization

The PRRSYV ss positive-sense RNA genome consists of eight open reading frames (ORFs)
(Conzelmann et al. 1993, Meulenberg et al. 1993). These ORFs encode the viral replicase
and form six or seven 3’-coterminal nested subgenomic viral messenger RNA (mRNA)
transcripts (MRNAT - mRNA7) (Figure 1) (Meulenberg et al. 1993).
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Figure 1: PRRSV genome organization from 5° to 3°, schema modified and

simplified, compare the reviews of Fang and Snijder (2010), Snijder and
Meulenberg (1998)

ORF 1a and ORF 1b are located just downstream of the 5-untranslated region (UTR) and
substantiate more than tow-third (approximately 80 %) of the viral genome (Meulenberg et
al. 1993, Modrow et al. 2010). ORF la and ORF 1b encode two viral replicase
polyproteins (pp) 1a and pplab (Figure 1). This synthesis and cleavage are the first steps of
virus infection (Modrow et al. 2010, reviewed by Zimmerman et al. 2012). ORF 1a is
translated by the genomic RNA, ORF 1b is expressed by a ribosomal frameshifting,

engaging a large ORF 1lab polyprotein and resulting in products which are involved in the
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virus transcription and replication. The viral ppla and pplab are proteolytically processed
in 12 functional non-structural proteins (NSPs). NSPs are involved in the genome
replication and the subgenomic mRNA transcription (reviewed by Modrow et al. 2010,
Snijder and Meulenberg 1998). ORF 1la encodes NSP2 (Allende et al. 1999) and is
considered as an important region for monitoring genetic variation (Fang et al. 2004).
NSP4 is the main protease and produces NSPs 3 - 12. All NSPs are fully conserved in the
genomes of PRRSV (reviewed by Fang and Snijder 2010). The ORFs from 2 - 7 are
situated at the 3’end of the genome (Meulenberg et al. 1993). ORF 2a, ORF 2b and ORFs 3
- 6 are characterized as membrane-associated proteins, encoding the viral structure proteins
like glycoproteins (GP) 2a, GP2b, GP3, GP4, GP5 and the matrix protein (M) whereas the
nucleocapsid protein (N) is encoded by ORF 7 (Conzelmann et al. 1993, Modrow et al.
2010, reviewed by Snijder and Meulenberg 1998) (Figure 1). N protein forms the principal
component of the viral capsid (Modrow et al. 2010) and is localized in the host cell nucleus
and in the nucleolus during replication (King et al. 2011, Rowland et al. 1999). The
envelope glycoprotein (E) (Snijder et al. 1999) is translated by ORF 2a/2b. E is required
for the production of ion-channel proteins (King et al. 2011). A schematic representation of

the arterivirus genome organization is depicted in Figure 2.
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Figure 2: Schematic representation of arterivirus genome organization (King et al.
2011)
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2.1.3 Virus cell tropism and viral replication cycle

Following the oronasal exposure, PRRSV replicates in the lung, in the tonsils and in the
upper respiratory tract as well as in lymphoid tissues, in bronchiolar epithelium cells, in
spleen, in thymus and in cells that are essential for the immune function (macrophages and
dendritic cells (DCs)) (Brockmeier et al. 2002), in placenta (Karniychuk et al. 2011) and in
spermatogenic epithelium, too (Sur et al. 1997). In vivo and in vitro PRRSV has a specific
cell and tissue tropism. Predominantly the virus productive infection occurs in the
monocyte/macrophage lineage (Duan et al. 1997, Pol et al. 1991, reviewed by Zimmerman
et al. 2012) and results in their destruction (Lopez 2001). That leads to increased
susceptibility for secondary infections like bacterial pneumonia, septicaemia or enteritis
(Balasuriya 2013, Tizard 2013). Beside these cells, PRRSV also infects monocyte-derived
DCs (MDDCs) in vitro (Loving et al. 2007).

Several studies reported that PRRSV can be airborne transmitted over long distances (Dee
et al. 2009) and enters into host cells of the respiratory tract. PRRSV infects cells after
attachment to regions at the cell surface as well as to specific cellular receptors. Afterwards
the virus invades the host via the receptor-mediated endocytosis route (Nauwynck et al.
1999). On the surface of porcine macrophages two specific PRRSV receptors for both
virus strains have been identified: heparan sulphate glycosaminoglycans for the first
binding (Delputte et al. 2002, Duan et al. 1998, Vanderheijden et al. 2003) and
sialoadhesin (Sn) for the attachment and the internalization of the virus, via clathrin-
mediated endocytosis (Delputte et al. 2002, Nauwynck et al. 1999, Vanderheijden et al.
2003).

The cluster of differentiation (CD) molecule CD163 is also known as a cellular receptor for
PRRSYV infection (Calvert et al. 2007, Van Gorp et al. 2008). The viral M protein and the
viral N protein play an important role in attaching the virus to the target cells by heparin.
Additionally, the disulfide-linked M-GP5 complexes can bind to heparin (Delputte et al.
2002). GP2 and GP4 are also viral attachment proteins and are able to bind to the receptor
CD163 (Das et al. 2010).

After the standard entry process via a receptor mediated endocytosis, the viral
nucleocapsid is released into the cytosol for replication (Kreutz and Ackermann 1996). The
life cycle of PRRSV emerges only in the cytoplasm of infected cells (King et al. 2011,
Modrow et al. 2010). Before the viral replication can proceed, the uncoating of the

nucleocapsid has to pass (Vanderheijden et al. 2003). In the virus the RNA itself functions
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as mRNA. PRRSV is a plus-strand RNA virus and these viruses carry their own RNA-
dependent RNA polymerase (RdRp) for the replication of RNA in the viral genome. The
enzyme region of PRRSV RdRp is located in NSP9 (reviewed by Fang and Snijder 2010,
Modrow et al. 2010, Nedialkova et al. 2010). RdRp transcribes the viral plus-strand RNA
into a minus-strand RNA which serves in turn as a template for the genomic plus-strand
RNA (Gao et al. 2014, Nedialkova et al. 2010).

For positive stranded RNA viruses, the genome replication occurs in a membrane-
associated viral Replication and Transcription Complex (RTC) (reviewed by Fang and
Snijder 2010, Zhou et al. 2011b). NSP10 encodes the necessary RNA helicase motifs
(Bautista et al. 2002). The viral replication cycle induces the generation of a nested set of
3'-coterminal subgenomic mRNAs (compare chapter 2.1.2, Figure 1) which serve as
templates for the translation of the viral structural protein genes (King et al. 2011, Tijms et
al. 2007). PRRSV assembles preformed viral nucleocapsids at the endoplasmic reticulum
(ER). The viral nucleocapsids pass through the golgi network and exit the host cell via
exocytosis (Dea et al. 1995, Modrow et al. 2010, reviewed by Snijder and Meulenberg
1998).

2.1.4 Virus transmission

PRRSV transmission within and between pigs and herds has been documented in studies,
concerning direct and indirect routes of transmission (reviewed by Cho and Dee 2006,
Wills et al. 1997). Rossow (1998) reviewed that PRRSV was isolated within different time
points post infection from serum, semen, saliva, feces, urine, nasal swabs, oropharyngeal
swabs and oropharyngeal scrapings. These porcine secretions and excretions form the
direct routes of PRRSV infection. The indirect routes pass over fomites, transport vehicles,
insects, avian and non-porcine mammalian species and over aerosols (reviewed by Cho
and Dee 2006). PRRSV is a virus with the potential for airborne transmission, described by
Kristensen et al. (2004). The transmission is possible over a short and a long distance (Dee
et al. 2009, Mortensen et al. 2002). Additionally, the animal movement is one factor for

disease spread (Dewey et al. 2000).
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2.2  Immunology

The defence and the response of the body, collectively called the immune system, is a
highly interactive and cooperative system. It consists of complex, interacting networks of
biochemical and cellular reactions. The defence mechanisms can be passive (e.g. the skin
as a natural barrier) or active (immune responses that involve a density of different effector
mechanisms). Classically the immunity itself is separated in two pillars, referred to innate
and adaptive host defence mechanisms (Abbas et al. 2012, Murphy et al. 2008).

The innate immune response is the first line of defence and immediately typically activated
after the infection. It consists of physical barriers, phagocytic cells such as DCs, monocytes
or macrophages and the production of various cytokines, chemokines and proteins with the
task of protection, recruitment of cells through an inflammatory process and the activation
of the adaptive immune system (Abbas et al. 2012, reviewed by Chase and Lunney 2012,
Kindt et al. 2007). The adaptive immune system is antigen-specific and based on the
function of T and B lymphocytes, cytokines and antibody production (Table 1). It results in
an immunological memory (Murphy et al. 2008).

Table 1: Features of innate and adaptive immune response, table modified and

simplified, compare Abbas et al. (2012)

Category Cells Components

Innate immune system Macrophages Physical and chemical barrier
Dendritic cells Mediators of inflammation
Mast cells Cytokines
Granulocytes Chemokines
Natural killer cells

Adaptive immune system T lymphocytes Antibody
B lymphocytes Memory cells

T helper cell cytokines
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2.2.1 Innate immune system

The innate immune system is a phylogenetical defence mechanism (reviewed by
Medzhitov and Janeway 1997) and enables the pig to respond rapidly to an infectious agent
and to provide the first phase of an effective protection (reviewed by Chase and Lunney
2012). This system is involved in the detection, recognition, killing and delivery of
antigens to the next lymphoid tissue. The innate immunity is separated in the cellular arm
that mainly involves phagocytes (Abbas et al. 2012, Tizard 2013) and in the humoral arm
which consists of antimicrobial peptides, lysozyme and lactoferrin (Beutler 2004, Tizard
2013).

The detection of pathogens is mediated via host molecules with the term pattern-
recognition receptors (PRRs). PRRs recognize microbial as well as viral components and
are expressed on the cell surface within intracellular compartments or are secreted in blood
and in tissue fluids. Pathogen-associated molecular patterns (PAMPs) represent a signature
of pathogens and play a major role in the detection of invaders by PRRs (Abbas et al.
2012, Murphy et al. 2008, Tizard 2013).

The detection of invading pathogens and the recognition of specific patterns of pathogen
components occur on the Toll-like receptors (TLRs). Among PRRs, the TLRs assume an
important role in the activation of the immune responses (Kindt et al. 2007). For example
viral DNA is recognized by TLR9 (Lund et al. 2003) and viral ssRNA by TLR7 (Diebold
et al. 2004, Lund et al. 2004). Through adapter proteins like MyD88 (Medzhitov et al.
1998, Sun and Ding 2006), MAL (Fitzgerald et al. 2001) and TRIF (Yamamoto et al.
2003) TLRs transmit signals in the cytoplasma. These intracellular signalling pathways
function as activators of host defence genes. A variety of pro-inflammatory molecules
react, include the transcriptional activation of cytokines and chemokines as well as the
synthesis of cell adhesion molecules and immunoreceptors. MyD88 and TRIF together
initiate the expression of multitudinous cytokines through the activation of transcriptional
factors like NF-¢xB (reviewed by Janeway and Medzhitov 2002, Piras and Selvarajoo 2014,
Tizard 2013).

RIG-I like receptors (RLRs) belong to the DExD/H box helicases family of proteins. RIG-
I, MDAS and LGP2 are RLRs members (reviewed by Schlee 2013). They play key roles in
the detection of distinct molecular patterns of virus-derived nucleic acids (Gack 2014,

Weber et al. 2013). The produced cytokines and chemokines are able to interact with other
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immune cells and to induce the inflammatory and adaptive immune response. Cytokines

and chemokines are working as mediators (Abbas et al. 2012).

2.2.2 Adaptive immune system

In contrast to the innate immune system, the adaptive one can generally make a response
when it has been informed by the innate immune response and stimulated by pathogens
(Alberts et al. 2008, reviewed by Reis e Sousa 2001). It enhances the efficiency of the
innate immune mechanisms as well as the development of the immunological memory in
order to respond promptly to the next encounter with pathogens. The adaptive immune
system is mediated by antigen-specific T and B cells (Alberts et al. 2008, reviewed by
Kaiser 2010, Kindt et al. 2007). B cells are capable to produce antibodies and to mature
and differentiate into antibody-secretion plasma cells by recognizing extracellular antigens
and by being activated by the signals of CD40, TLRs and other receptors (Abbas et al.
2012, Alberts et al. 2008, DeFranco et al. 2007). Naive T cells are separated into two
subsets (Figure 3): Type 1 helper (Tyl) and Type 2 helper (Ty2), whereas Tyl secretes
IFN-y, Ty2 produces IL-4, IL-5, IL-10 and IL-13. Tyl is mainly responsible for cellular
immunity and Ty2 promotes the humoral immunity (Abbas et al. 2012, reviewed by Akira
et al. 2001).
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Figure 3: Recognition of pathogens by dendritic cells and stimulation of naive

T cells, picture modified, compare the review of Akira et al. (2001)
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2.2.3 Immune cells, located in the respiratory system

The respiratory apparatus consists of lung and pleura, it comprises the nasal cavity,
pharynx, larynx, trachea, bronchi, bronchioles as well as the alveoli (reviewed by Sgrensen
et al. 2006). The respiratory tract is one common route of infection with airborne
microorganisms. If microorganisms cross the epithelial barrier and enter into the host
tissues, local pulmonary immune cells will recognize the pathogens. The immune cells
have to differentiate between the induction of a protective immune response against
pathogens and the induction of tolerance of non-pathogens (Murphy et al. 2008).

Large populations of DCs are found in the tissues of the upper and lower respiratory tract
and are present within the airway epithelium, submucosa and the associated lung
parenchymal tissue (Abbas et al. 2012, Gong et al. 1992, Sertl et al. 1986). These DCs are
the “gatekeepers” of the adaptive immune system (reviewed by Stumbles et al. 2003).
Chemokines and their receptors control the migration of immune cells at basically any
stage of an immune response (Kindt et al. 2007, Tizard 2013). Alveolar macrophages
(AM) are abundant in the lung and have a special role there as well as in the alveolar
space, where they are well placed to be the first line of defence against invasive pathogens
(Figure 4) (Abbas et al. 2012, Lépez 2001).

Figure 4: Location of macrophages in the lung, alveolar macrophages (AM) and
interstitial macrophages (IM), modified and simplified, compare the review
of Laskin et al. (2001)
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2.2.4 Development of immune system cells

The cells of the immune system can be classified, according to their belonging to the innate
or the adaptive immunity, but overlapping criteria are possible (MacPherson and Austyn
2012). The immune cells are originated in the hematopoietic stem cells (HSCs) of the bone
marrow. HSCs are pluripotent (Abbas et al. 2012). The cell types which are developed
from HSCs belong to the lymphoid as well as to the myeloid lineage. The myeloid lineage
leads to monocytes and to some populations of macrophages as well as to common DC
precursors (CDPs) (DeFranco et al. 2007, reviewed by Geissmann et al. 2010, Goldman
and Prabhakar 1996), the lymphoid lineage generates T and B lymphocytes (Figure 5)
(DeFranco et al. 2007, Goldman and Prabhakar 1996).
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Figure 5: Pathway of immune cell development, modified and simplified, compare the

reviews of Geissmann et al. (2010), Okwan-Duodu et al. (2013), as well as
Tsunetsugu-Yokota and Muhsen (2013)

The first cells which develop from HSCs are called macrophage and DC precursors
(MDPs). MDPs serve as templates for the generation of CDPs (Fogg et al. 2006, Liu et al.
2009b) and of monocytes (Fogg et al. 2006). One subset of the monocytes enters into the
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peripheral blood and patrols there for 1 - 3 days, then it migrates into the tissues where it
develops to macrophages. Another subset of monocytes rapidly shifts into inflamed tissues
and can differentiate into MDDCs (Abbas et al. 2012). CDPs develop to precursor DCs
(preDCs) or to plasmacytoid DCs (pDCs) and migrate through the blood and enter the
peripheral tissues. Arrived in lymphoid or non-lymphoid tissues, preDCs differentiate into
conventional DCs (cDCs) (DeFranco et al. 2007, reviewed by Geissmann et al. 2010,
Murphy et al. 2008). The granulocyte macrophage-colony-stimulating factor (GM-CSF)
and cytokines are candidates which are important in supporting these programs of

proliferation and differentiation (Geissmann et al. 1998, Sallusto and Lanzavecchia 1994).

2.2.5 Dendritic cells

Dendritic cells (DCs) play crucial roles in linking the innate with the adaptive immunity,
based on their rapid response to the presence of infection and they activate lymphocytes
(Abbas et al. 2012, MacPherson and Austyn 2012). DCs are the most professional antigen-
presenting cells (APCs) of the immune system. They are proficient at antigen processing
with a high phagocytic activity in their immature cell stage, as mature DCs the endocytic
capacity is reduced (Garrett et al. 2000, Murphy et al. 2008, Tizard 2013). DCs are divided
into different categories: preDCs, ¢DCs (migratory DCs and lymphoid-tissue-resident
DCs) and inflammatory DCs (compare chapter 2.2.4) (reviewed by Shortman and Naik
2007). In the blood stream circulating, preDCs enter into peripheral tissues as immature
DCs (Figure 5), as mentioned in the review of Geissmann et al. (2010) and (Tizard 2013).
DCs populations have been identified in a variety of tissues and organs: in all lymphoid
organs, in lung, in upper and lower respiratory tracts (Abbas et al. 2012, Sertl et al. 1986),
in blood, heart, kidney (Austyn et al. 1994, Murphy et al. 2008), spleen, liver (Chen et al.
2009, Mosayebi and Moazzeni 2011) and the urogenital tract (Bizargity and Bonney 2009).
Immature DCs in tissues can be activated via their TLRs which signal the presence of
pathogens, the damage of tissues or of cytokines which are produced during the
inflammatory response. Through this process a modulation program of specific DCs
surface receptors is initiated (reviewed by Banchereau and Steinman 1998, reviewed by
Janeway and Medzhitov 2002, reviewed by Shortman and Liu 2002). In addition, DCs start
with the migration towards secondary lymph nodes and launch the T and B cells' activation

(Grayson et al. 2007, reviewed by Janeway and Medzhitov 2002). The effective interaction
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of DCs with T cells can be largely attributed to the up-regulation of the co-stimulatory
molecules such as CD80 and CD86 (Figure 3) (reviewed by Akira et al. 2001, reviewed by
Janeway and Medzhitov 2002). The proteins of antigens are processed as peptide
fragments and these are presented to T cells on the major histocompatibility complex
(MHC) class I and II molecules which are located on the surface of DCs (Beutler 2004,
reviewed by Guermonprez et al. 2002, reviewed by Janeway and Medzhitov 2002). This
antigen-presentation and the induction of co-stimulatory molecules allow the activation of
naive T cells, so the adaptive immune response is started (reviewed by Janeway and
Medzhitov 2002). Beside these antigen-specific functions, the secretion of cytokine
mixtures is an important assignment of DCs (e.g. IL-12, type and TNF, IL-6, IFN-vy)
(Abbas et al. 2012, reviewed by Akira et al. 2001, Tizard 2013).

2.2.6 Macrophages

Monocytes mature and become macrophages (compare chapter 2.2.4 and Figure 5) (Abbas
et al. 2012). Macrophages are found in connective tissue, brain, lung, liver and spleen
(Beutler 2004, reviewed by Gordon and Martinez 2010, Murphy et al. 2008). Laskin et al.
(2001) described in their review an existing macrophages' subpopulation heterogeneity of
liver and lung tissues. Macrophages are close to invasive pathogens and have the ability to
migrate to local sites of injury and infections (Beutler 2004, reviewed by Gordon and
Martinez 2010). An important function of macrophages is the recognition of pathogens and
their phagocytosis as well as the killing and/or the neutralizing of inhaled particulate
antigens without the assistance of the adaptive immune response. They express many
different receptors and recognize pathogens via cell-surface receptors (reviewed by Gordon
and Martinez 2010, Murphy et al. 2008, Tizard 2013). The tasks of macrophages are the
production of inflammatory cytokines, the control of inflammation, due to the production
of inhibitor molecules (reviewed by Nicod 1999). The involvement of alveolar
macrophages plays a role in repairing and remodelling the lung. It is a common function of

macrophages to repair damaged tissues (Abbas et al. 2012).
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2.2.7 T cells and B cells

The adaptive immune system uses two fundamental types of naive lymphocytes, the
mature T and B cells. For T and B cells the originating cells are the HSCs (compare
chapter 2.2.4 and Figure 5). The thymus is the organ for developing T cells, B cells are
generated in the bone marrow (Alberts et al. 2008, reviewed by Martelli and Bierer 2003).
These naive lymphocytes migrate into the peripheral lymphoid organs and wait there to be
activated by antigens (Abbas et al. 2012, Tizard 2013). After 1 to 3 months without any
antigenic stimulation the naive lymphocytes do not survive. But different cytokines, like
IL-7, can transmit survival signals to naive lymphocytes (Abbas et al. 2012, Kindt et al.
2007).

The activation of naive T lymphocytes requires the recognition of peptide antigens,
presented by MHC and by co-stimulatory molecules, expressed on the same APCs (Figure
3) (Abbas et al. 2012, Alberts et al. 2008).

The T cells recognize fragments of antigens on the surface of APCs via their T cell
receptors (TCRs). This leads to the first steps of T cell activation. MHC I and II of APCs
stimulate cytotoxic T cells (CTLs) and helper T cells, respectively (Alberts et al. 2008,
Kindt et al. 2007). The second stimulation signal is sent by the co-stimulatory molecules
CD80 and CD86 which are located on APCs with the effect of binding to CD28 on the T
cell membrane. This whole process leads to a complete activation of T lymphocytes
(Alberts et al. 2008, reviewed by Miller et al. 2008). Activated T lymphocytes migrate and
reach the injured tissue and they help B cells in lymphoid organs (Alberts et al. 2008).

B cells are activated after contact with T cells and DCs. Next they migrate to various areas
and respond by differentiating into plasma cells. These plasma cells produce antibodies
that neutralize the initial pathogen (reviewed by Kaiser 2010, reviewed by Martelli and
Bierer 2003). Helper T cells secrete cytokines which permit activation of macrophages,
natural killer cells and eosinophils (Alberts et al. 2008, reviewed by Martelli and Bierer
2003). Memory cells can persist for months or years and provide optimal defence against
pathogens. They respond quicker and to a lager extent to infections than naive cells (Abbas
et al. 2012).
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2.3  Porcine reproductive and respiratory syndrome virus and the immune system

2.3.1 Virus-host interplay

The immune response to PRRSV is a multifactorial process and very complex. This is due
to the facts that the interaction between the pig as a host and PRRSV depends particularly
on the viral strain, the infection route, the age of the pigs, their immune status, genetic
predisposition, previous infections and their vaccination status, on the viral co-infection
and/or on the bacterial infections and on the pigs' environment (Brockmeier et al. 2002,
Cho et al. 2006b, Cho et al. 2006a, reviewed by Murtaugh et al. 2002). In addition to the
ability of the virus to escape or to modulate the host immune system and due to the
ineffective elimination of the virus through the pigs, the understanding of the interactions
between PRRSV and the host are difficult and complex (reviewed by Mateu and Diaz
2008, reviewed by Murtaugh et al. 2002). It has been documented that PRRSV modulates
the host immune responses by inhibiting key cytokines and by inducing regulatory
cytokines (Genini et al. 2008, Xiao et al. 2010b, Xiao et al. 2010a). Weesendorp et al.
(2013) compared the responses of pulmonary alveolar macrophages (PAMs) and bone
marrow-derived DCs to two European subtype 1 strains and to a virulent subtype 3 strain.
In their study they revealed phenotypic modulations, differences in immunologically
relevant cell surface molecules and a reduced specific immune response. Their results gave
a hint to a decreased adaptive immune response.

The reason is still unclear why PRRSV is not efficiently controlled by the immune
response. The complexity of the immune response to PRRSV leads the focus also on cell-
based virus recognition mechanisms (reviewed by Zimmerman et al. 2006). Zhang et al.
(2000) mentioned a relation between the genome replication of PRRSV and an altered
gene expression of the host RNA helicase. In another study the results showed that TLR1,
TLR2, TLR4, TLR6 were significantly enhanced in lungs tissue post infection with the
classical North American type of PRRSV (Xiao et al. 2010a). Equally RIG-I and MDAS
represented a higher expression post infection. The exception was TLR3 which indicated
no changes in this study (Xiao et al. 2010a).

Different studies underlined the importance of IFN in PRRSV infection. PRRSV
counteracts the IFN production which has a high impact on the immune system (reviewed
by Bonjardim 2005). This mechanism can be activated during the viral genome replication

where the ssSRNA virus duplicates into the double-strand RNA which interferes with the
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type I IFN signalling pathway (Luo et al. 2008). The virus evokes an induction of INF-$3
but no expression of IFN-o mRNA in PAMs (Genini et al. 2008). In their study Loving et
al. (2007) showed that MDDCs and lung DCs responded to a virus infection with an
increased INF-f mRNA expression. But there was no altered gene expression of IFN-a in
infected lung DCs as already researched by Genini et al. (2008). Loving et al. (2007)
concluded that the usual type I interferon response is missing after PRRSV infection.
Genini et al. (2008) also found an up-regulation of IL-10 in infected PAMs, this is
documented, too, in the study of Xiao et al. (2010b). These authors described a varying
innate immune response and an anti-apoptotic state after virus infection, in form of an up-
regulation of anti-apoptotic genes like IL-10, MCLI1, BFL-1, ADM and a suppressed
expression of pro-apoptotic genes like p53, APR-1, IRF3.

Some viruses are able to repress apoptosis to have more time to exploit the cells for their
viral replication. At the same time the virus is manipulating the innate defence mechanisms
of the cells (Dimmock et al. 2007, Sieg et al. 1996, Xiao et al. 2010b, reviewed by Zhou
and Zhang 2012). Beside these reported observations, in their review Zhou and Zhang
(2012) described that the reason for the down-regulation of innate immune responses post
PRRSV infection may be different expressions of cytokine patterns. Post PRRSV
infection, alterations can occur in antigen presentation processes. Rodriguez-Gomez et al.
(2013) wrote a review about the relation between APCs and PRRSV and the potential
mechanisms which PRRSV uses to trigger the immune response. They suggested that T
cells are ineffectively activated and they supported further analyses to understand the virus'
strategies in order to improve powerful control processes.

A variety of strategies are utilized by PRRSV to induce ultimately prolonged viremia and
to cause persistent infections. PRRSV encodes viral products, like NSP1a, NSP1p, NSP2,
NSP4, NSP11 and N. These proteins have the capacity to evade the host immune response
and to develop a strong inhibitory activity (Beura et al. 2010, Chen et al. 2010, Li et al.
2010, Wang et al. 2013).
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2.3.2 Breed differences and genetic components in host response to virus infection

Breed differences and genetic components are factors that determine the response to
PRRSYV infection in pigs. Genetic variations in the host resistance/susceptibility of animals
have already been reported (Halbur et al. 1998, Petry et al. 2005) and reviewed by Lunney
and Chen (2010). Susceptibility to PRRS of different breeds was identified with an
experimental PRRSV infection of Duroc, Hampshire and Meishan pigs by Halbur et al.
(1998). They observed differences in the severity of lung lesions and the number of
PRRSV-antigen-positive cells in the lungs of infected pigs. Petry et al. (2005) described
the reduced rectal temperatures and the decreased viremia in a PRRSV infected Large
White-Landrace synthetic line in comparison to an infected Hampshire-Duroc synthetic
line. This research group indicated that the Large White-Landrace population is more
resistant to PRRSV than the Hampshire-Duroc population. Breed differences were also
detected between Pietrain pigs and Wiesenauer Miniature pigs after an in vivo PRRSV
infection. The results of this study documented a shorter duration of viremia and a lower
viral level for Wiesenauer Miniature pigs in comparison to Pietrain pigs (Reiner et al.
2010). Another in vitro study indicated that macrophages of different pig breeds (Large
White, Duroc-Pietrain synthetic, Landrace, Duroc-Large White synthetic and Hampshire)
were variable in their susceptibility to PRRSV (Vincent et al. 2005). Ait-Ali et al. (2011)
observed transcriptional differences in infected PAMs between Pietrain and Landrace
animals. They found a higher number of PRRSV-regulated transcripts in Landrace PAMs
than in those of Pietrains. Additionally, they suggested that Landrace PAMs have a
reduced PRRSV susceptibility and that further genetic analyses are necessary to
understand and to encode PRRSV resistance.

Biffani et al. (2011) used PorcineSNP60 BeadChip in order to obtain possible breed-cluster
effects on PRRS viremia. Four different breeds were examined in their study Large White,
Landrace, Duroc and Pietrain. Their results did not lead to a significant breed-cluster effect
but they identified the influence of environment and management on PRRS viremia.
Further analyses with the same dataset were done, the focus lay on the host immune
response in order to determine significant genetic variability. Results out of these studies
had been published by Badaoui et al. (2013). They detected a low infection rate of
Landrace animals in contrast to Large White, Duroc and Pietrain animals. The authors

assumed a higher breed resistance to PRRSV infection of different breeds.
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2.3.3 Genetic components of immune traits

In pigs, approximately 10,497 Quantitative trait loci (QTL) have been mapped for 658
different traits (http://www.animalgenome.org/cgi-bin/QTLdb/index, update: April 2014).
6453 QTL regions were identified for meat and carcass quality, 1032 for reproductive
traits, 971 for productive traits and 1156 for the health as well as 885 for the exterior. The
early work of Edfors-Lilja et al. (1998) was done for the identification of QTL, involved in
the immune capacity of pigs like total and differential leukocyte counts, neutrophil
phagocytosis, mitogen-induced proliferation and IL-2 production, virus-induced IFN-o
production of mononuclear cells.

QTL regions, associated with health traits, are divided into distinct categories: blood
parameters, disease susceptibility, immune capacity and pathogens. For the disease
susceptibility other important sub-categories are listed in which PRRSV antibody titer and
PRRSYV susceptibility are performed (www.animalgenome.org/cgi-bin/QTLdb/index).

In the study of Boddicker et al. (2012) the relationship between the host response and
PRRSV was described with a strong genetic component and QTL regions on swine
chromosome (SSC) 1, 4, 7, 17, X were identified. On SSC4 and SSCX two major QTL
regions were detected which had an effect on the response to PRRS. Lu et al. (2011b)
identified QTL by a microsatellite marker supported study. They detected QTL regions
that effected the expression of IFN-y and of IL-10.

Uddin et al. (2011) found candidate genes in QTL regions which were involved in
cytokines and TLRs reactions in response to different antigens. The research on QTL
regions could help to understand the relations between the genetic basis and the innate
immune traits. The improvement of the animals' health is along with the identification of
candidate genes or markers for immune competence and disease resistance (Wimmers et
al. 2009).

Until now genome-wide association studies and genome-wide transcriptional profiles were
carried out with the emphasis on economically important traits, as growth, muscularity,
meat quality as well as on other production traits (Do et al. 2014, Heidt et al. 2013,
Karlskov-Mortensen et al. 2006, Ponsuksili et al. 2008). The identification of genomic
regions, responsible for immune capacity traits in swine, is under progress (Lu et al. 2013,
Uddin et al. 2011). Therefore the research focuses on immune-related QTL regions and
single nucleotide polymorphisms (SNP) in context with the pig's health but without any

antagonistic influence on production and growth traits (Flori et al. 2011a, Lu et al. 2013).
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Beside these mapping approaches, the gene expression profiling of immune tissues
provides informations about functional networks and functional candidate genes. Further
characterizations of candidate genes help to achieve genetic markers for the selection of
animals which have a better protection against infections (Adler et al. 2013).

Heritability estimations of pro-inflammatory cytokines (IL-1B, IL-8, TNF and IL-6) were
obtained in the study of Flori et al. (2011a). This research group observed weak to
moderate heritability for the above named cytokines. Heritability was estimated, regarding
the effect of PRRSV from 0.12 to 0.15 for number born alive, number stillborn and number
of mummies in infected sows (Lewis et al. 2009). In their review Murtaugh et al. (2010)
mentioned an actual research gap, concerning the heritability of PRRSV resistance. With
their results Boddicker et al. (2012) underlined the idea of an improvement of the host
resistance to PRRS and presented a moderate heritability of 30 % for the traits viral load

and body weight gain post experimental PRRSV infection.

2.3.4 Prevention and control strategies

In general, the objectives of PRRSV prevention are: to stop the entry of the virus into the
herd, to control it and to limit the adverse effect of the virus in various stages of
production. On the one hand a variety of modified-live virus vaccines (MLV) and
inactivated vaccines are commercially available, on the other hand management and
animal husbandry procedures have been developed for the protection of the animals
(reviewed by Zimmerman et al. 2012). Huang and Meng (2010) discussed in their review
the PRRSV vaccine development, they mentioned the limitations of current MLV and of
inactivated vaccines. The main problems with the MLVs are the shedding of the vaccine
virus, the incomplete protection and the risk to raise persistent infections, followed by the
reversion to virulence. The control with the current vaccines remains problematic because
the universality of an efficient PRRS vaccination has not been established and the
genetically diversified field strains are circulating worldwide (reviewed by Huang and
Meng 2010).

Elimination methods were reviewed by Corzo et al. (2010), they mentioned serological
testing, herd depopulation and repopulation, connected with increasing costs as well as
herd closure and regional elimination. They described the idea of creating a voluntary

regional program which could be a powerful tool to eliminate the virus from a region and
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to avoid re-infections. This tool should contain all factors and knowledge about
epidemiology, biosecurity practices and elimination methods (Corzo et al. 2010).

Another possibility to control and to reduce the impact of PRRS is the development of
breeding programmes, including host genetic improvement for disease resistance and
tolerance (Flori et al. 2011b, Lewis et al. 2007, Lewis et al. 2009). This challenging
objective can be substantiated from previous studies where the possible role is explained
which breed effect may have in determining host resistance/susceptibility (Halbur et al.
1998, Petry et al. 2005). Flori et al. (2011b) demonstrated that many immune parameters
were genetically controlled, they requested that a related immune competence with the
resistance to disease has to be achieved. As mentioned before (compare chapter 2.3.3)
Boddicker et al. (2012) stressed the idea of an improvement of the host resistance to PRRS.
The understanding of the genetic components, involved in the response to PRRSV, are still
unclear. Additionally, the key mechanisms by which the virus interferes with the host

immune system are still inexplicit, too (Genini et al. 2008, Xiao et al. 2010b).
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Aims of the present study

The aims of the present study should be achieved by using the latest high-throughput

sequencing technology. The hypotheses reflect probable results which must be verified or

falsified by the findings of the present study.

Aims of the present study:

The understanding and the examination of how genetic components are involved in

the immune response to PRRSV infection

The characterization of the changes in the global transcriptome profile after PRRSV

infection

The detection of expression profiles in different respiratory cell types (DCs, PAMs
as well as trachea epithelial cells) post PRRSV infection

The identification of candidate genes which have a high impact on the host disease
response to PRRSV

Hypotheses:

1.

2.

3.

After a short period (within 24 h) of infection with PRRSV remarkable

transcriptional reactions can be observed in DCs of pigs.

These reactions have an essential influence on the following pigs' immune

responses to PRRSV, especially on immune related genes and proteins.

Based on the different genetic background of Pietrain and Duroc pigs, their cellular

immune reactions are different during PRRSV infection.
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3 Material and Methods

3.1 Materials

During this experiment, various chemicals, kits, reagents and culture media, purchased

from different manufacturers, were used. Beside, during data analysis multifarious

software packages, tools and databases were utilized.

3.1.1 Materials for laboratory analysis

Manufacturer/Supplier

Agilent Technologies Deutschland
GmbH, Boblingen

AppliChem GmbH, Darmstadt
Beckman Coulter GmbH, Krefeld
Bio-Rad Laboratories GmbH,
Munich

Carl Roth GmbH + Co. KG,

Karlsruhe

Eurofins, Ebersberg
FCM BioPolymer, Brussels,
Belgium

Fisher Scientific GmbH, Schwerte

Chemicals
RNA 6000 Nano Kit, RNA 6000 Nano Reagents

Ammonium chloride (NH4CI)
GenomeLab™ DTCS Quick Start Kit
iTag™ Universal SYBR® Green Supermix

Roti®-Histofix 4 % (pH 7), Thiazolyl blue,
Ethidium bromide, Aceton, Methanol, Crystal
violet, Formaldehyde 37 %, Acetic acid, Tris
Base, 2-Propanol > 99.5 %, Bromphenol blue,
Ethylenediaminetetraacetic acid (EDTA),
Thiazolyl Blue Tetrazolium Bromide (MTT),
Xylencyanol, di-Sodium Hydrogen Phosphat 2
Hydrate (Na,HPO4*2 H,0), Glycerol, Potassium
dihydrogen phoshate (KH,PO,), Potassium
chloride (KClI), Sodium hydroxide (NaOH),
Potassium bicarbonate (KHCO3), Hydrochloric
acid (HCI) fuming 37 %

Primer (Table 3 and Table 4)

Avicel® RC581

Sodium chloride (NaCl)
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Genaxxon bioscience GmbH, Ulm

InvivoGen, USA

DF Taq Polymerase S (DNA-free)
Lipopolysaccharide from E. coli O111:B4 (LPS-
EB) Ultrapure

Dithiothreitol (DTT), Dulbecco's Modified Eagle
Medium (DMEM), RPMI 1640 Medium
GlutaMAX™ [ HC-9 Medium, Gentamicine (10

Life Technologies GmbH,
Darmstadt (Life Technologies™,

Invitrogen™, Gibco®, Molecular

Probes®)

PAA Laboratories GmbH, Colbe

Promega GmbH, Mannheim

Qiagen GmbH, Hilden

Reagena, Toivala, Finland
R&D Systems Inc., Minneapolis
USA

Roche Diagnostics Deutschland
GmbH, Mannheim
Sigma-Aldrich Chemie GmbH,

Taufkirchen

mg/ml), Fetal Bovine Serum (FBS), Penicillin-
Streptomycin 100 x concentrate (Penicillin
10,000 units/ml, Streptomycin 10,000 pg/ml),
(10,000 U/ml), sterile calcium-magnesium free
Dulbecco's Phosphate-Buffered Saline (DPBS),
MEM Non-Essential Amino Acids 100 x
(MEM-NEAA), Trypsin-EDTA, Fungizone®
Antimycotic, RNase-Free DNase Set,
SuperScript® II Reverse Transcriptase,
OptiPRO™ SFM, 5 x First-Strand buffer,
Vybrant™ Phagocytosis Assay Kit

DPBS (1 x), DMEM, MEM, Penicillin-
Streptomycin, Trypsin-EDTA

Olig(dt)15 Primer, Random Primers, RNasin®
Plus RNase Inhibitor, 10 x PCR buffer
RNase-Free DNase Set, AllPrep®
DNA/RNA/Protein Mini Kit

REASTAIN® Quick-Diff Kit

IL-12p40, IL-18, TNF-a, IFN-y and IL-8
Immunoassay

Liberase™ Research Grade

2-Mercaptoethanol, Trypan Blue Solution (4 %),
Histopaque®-1083, NaN; (10 mM), Sucrose,
Mineral oil, Sodium Pyruvate, Dimethyl
sulfoxide (DMSO) > 99.9 %, Deoxynucleotide
Set, 100 mM, Hepes (10 mM)
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STARLAB GmbH, Hamburg

USB, Ohio, USA

VWR International GmbH,

Darmstadt

3.1.2 Buffer, reagents and media

StarPure Agarose
ExoSAP-IT
Ethanol absolute AnalaR NORMAPUR® ACS

All solutions, used in these investigations, were prepared with double-distilled water

(ddH,0), pH was adjusted with sodium hydroxide (NaOH) or hydrochloric acid (HCI).

Agarose loading buffer

Bromphenol blue

Xylencyanol

Glycerol

ddH-0 added to
Avicel

Avicel

ddH-0 added to

Crystal violet solution 2 %

Crystal violet
Formaldehyde 37 %
Ethanol 99,9 %
ddH,0 added to
dNTP solution
dATP (100 mM)
dGTP (100 mM)
dTTP (100 mM)
ddH,0 added to
EDTA (0.5 M), pH 8.0
EDTA
ddH-0 added to

0.0625
0.0625
7.5

25

12
500

25
50
175

10
10
10
400

146.12
1000

ml

ml

ml

ml
ml

ml

Ml
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Sucrose 36 %

ml

ml
ml
mg

mg

ml
g
ml

ml

ml

Phosphate buffered saline (PBS), pH 7.4 (without Ca ++ and Mg ++)

g
g
g

Sucrose 180
ddH,0 added to 500
Staining Buffer
DPBS 196
FBS (2 %) 4
NaNj3 (10 mM) 130
Hepes (10 mM) 476
Tris-acetate-EDTA (TAE)
Acetic acid 100 % 571
Tris Base 242
EDTA 100
ddH-0 added to 1
Red Blood Cell (RBC) lysis buffer, pH 7.4
NH.Cl 4.14
KHCO; 0.5
EDTA 0.037
ddH-0 added to 500
NaCl 8
KCl 0.2
Na,HPO4°2 H,0 1.44
KH,PO4 0.24

g
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3.1.3 Equipment and consumables

Manufacturer

Agilent Technologies Deutschland
GmbH, Boblingen

B. Braun Melsungen AG,
Melsungen

BD Biosciences, Heidelberg

Beckman Coulter GmbH, Krefeld

Bio-Rad Laboratories GmbH,
Munich

BioTek Instruments GmbH, Bad
Friedrichshall

BRAND GmbH + Co. KG,
Wertheim

Carl Roth GmbH + Co. KG,

Karlsruhe

Carl Zeiss Jena GmbH, Jena

Corning, USA

Engelbrecht Medizin- und
Labortechnik GmbH, Edermiinde

Equipment
2100 Bioanalyzer

Surgical Disposable Scalpels, Certomat® MV,
Meliseptol®

Cell Strainer 40 um, Cell Strainer 70 um, BD
Falcon™ 96-well imaging plate, FACSCanto
flow cytometer

GenomelLab™ GeXP Genetic Analysis System,
Optima™ L-80XP Ultracentrifuge, SW28Ti
Beckman Coulter rotor, Open-Top Thickwall
Polycarbonate Tube capacity 38 ml, CEQ 8000
Genetic Analysis

MyCycler™Thermal Cycler, Gel Doc™ XR,
Electrophoresis, Power Pac™ Basic

Synergy™ 2

Accu-jet® pro pipette controller, Pipettes (0.5 -
10, 2 - 20, 20 - 200, 100 - 1000 pl)

Rotilabo® Filter 0.22 pm, Multi® Quick Rack
Transfer System, Petri dishes, 25 Multi®
MIKRO ULTRA G 0.1 - 10 pl, SafeSeal®
Tubes 2.0 ml, SafeSeal®Tubes 1.5 ml, Mplti®-
Ultra Tubes 0.65 ml

Axio Cam MRCS5, Televal 31 5x/0.12
Microscope, TELAVAL31

Cell Culture Flask (75 cm?, 175 cm?2), Deck
Works™ Pipet Tips (10, 200, 300, 1000 ul)
Objectslide 76 x 26 mm
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Eppendorf AG, Hamburg

Fisher Scientific UK Ltd,
Loughborough

GFL Gesellschaft fiir Labortechnik
mbH, Burgwedel

Gilson, Inc., USA

Greiner Bio-One GmbH,

Frickenhausen

HERMLE Labortechnik GmbH,
Wehingen

Kaltis Europe GmbH,
Niederweningen, Switzerland
KNF Neuberger GmbH, Freiburg
Labomedic GmbH, Bonn

Life Technologies GmbH,
Darmstadt (Applied Biosystems®)

Merck KGaA, Darmstadt (Merck
Millipore)
Nikon GmbH, Diisseldorf

Paul Marienfeld GmbH & Co. KG,
Lauda-Ko6nigshofen
PEQLAB Biotechnologie GmbH,

Erlangen

Pipettes (0.5 - 10, 2 - 20, 20 - 200, 100 - 1000
ul), Centrifuge (5810R, 5424, 5416, 5415R),
epDualfilter T.I.P.S®, Heating block
Thermomixer comfort,

Memmert CO, incubator

Water-bath 1083

Pipettes (0.5 - 10, 2 - 20, 20 - 200, 100 -
1000 pl)

Cell Scrapers , Aspirations Aspirating Pipette,
serological Pipettes (1, 2, 5, 10, 25 ml), Cell
Culture Flask

Universal High speed Centrifugation (Z 300 K,
7300, Z 200 M/H, Z 233 MK, Z 323 K)

-80 °C/Typ499

Mini LaboportVacuum Pump

Cryo-tube Cryo.S™, Pipette tips, Pasteur
pipette, Coverslip, Sterillium

StepOnePlus™ Real time PCR System,
MicroAmp® Fast Optical 96-well Reaction Plate
with Barcode, 0.1 ml

Millipore apparatus, Milli-Q® Biocel, Stericup
and Steritop Vacuum Filter Cups (500 ml)
Microscopes ECLIPSE TS100, Digital Camera
System for Microscopy Digital Sight Series DS-
Fil

Counting chambers

Nano Drop 2000c
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Pharmazeutische Handelgesellschaft T61, Ketamin

mbH, Garbsen - Berenbostel

SANYO North America Ultra-Low Temperature FREEZER MDF-U73V

Corporation, USA

SARSTEDT AG & Co., Niimbrecht Centrifuge tubes (15 ml, 50 ml), Sample tube (5
ml, 75 x 12 mm), Cryotubes, Aspiration 2 ml

STARLAB GmbH, Hamburg Tissue culture flask (25 cm?, 75 cm?), Cell

(CytoOne®) culture plates (6 well, 24 well, 96 well), X-Clear
Advanced Polyolefin StarSeal

Systec GmbH, Wettenberg Autoclave V120

Taylor-Wharton Germany GmbH, Liquid Nitrogen LS 750

Husum

Thermo Eectron Corporation, Fluorescence microplate reader

Waltham, MA

Thermo Fisher Scientific NanoDrop 8000, Safety Cabinet HER Asafe®

Biosciences GmbH, St. Leon-Roth  and HERAcell® 240

Tuttnauer Europe B.V., Netherlands ELV FullyAutomaticAutoclave 3870
VWR International GmbH, PCR®StripTubes

Darmstadt (Axygen®)

ZV G Zellstoff Verarbeitung AG, Wiper Bowl

Niederbipp (zetClean®)
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3.1.4 List of software programs and statistical packages

Programs (software), homepages

Source of the programs (software, homepage)

and statistical packages
bedtools

Bioconductor packages:
biomaRt

DESeq package
GSEABase
Gostatspackage
Ismeans

org.Ss.eg.db

BLAST program
Bowtie 2

cutadapt
D-NetWeaver

ELISA Software

Entrez Gene

Fastqc

Microscope Software

National center for biotechnology
information (NCBI)

Primer design

R statistical computing and graphics
software

Tophat

SAMStat

Samtools

seqtk

and statistical packages

http://bedtools.readthedocs.org/en/latest/

http://www.bioconductor.org

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://bowtie-
bio.sourceforge.net/bowtie2/index.shtml
http://code.google.com/p/cutadapt/
https://cbim.urmc.rochester.edu/software/d-
netweaver/

http://elisaanalysis.com
http://www.ncbi.nlm.nih.gov/sites/entrez?db=ge
ne
http://www.bioinformatics.babraham.ac.uk/proje
cts/fastqc/

Axio Vision from Carl Zeiss
http://www.ncbi.nlm.nih.gov/http://www.ncbi.nl
m.nih.gov/gene

Primer3; http://primer3.ut.ee/
http://www.r-project.org/

http://tophat.cbcb.umd.edu
http://samstat.sourceforge.net/
http://samtools.sourceforge.net/samtools.shtml
https://github.com/lh3/seqtk
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3.2 Methods

3.2.1 Experimental animals

For time-course experiments six female 30 days old piglets of two different porcine breeds
(Pietrain and Duroc) were selected from the teaching and research station of Frankenforst,
University of Bonn, Germany. The three Pietrain piglets as well as the three Duroc piglets
were selected from one litter. The pigs were free from all major pig diseases (PRRSV,
porcine circovirus type 2, porcine parvovirus) and were exposed to the same unique
environmental conditions. At the age of 28 days the piglets were weaned and placed in
collective pens. The animals were vaccinated, following a specific vaccination schedule.
The breeding sows are inoculated with Procilis® PRRS (Intervet) live vaccine three times
per year, this happens independently of the sows' status. Additionally, the sows are
vaccinated against porcine parvovirus and swine erysipelas three times per year. According
to these procedures, the newborn piglets receive a passive immunity by consuming
protecting antibodies of the mother's colostrum. The piglets themselves are vaccinated

against mycoplasma at day three and ten of life.

3.2.2 Preparation of cells

In this study PAMs, lung DCs and trachea epithelial cells were isolated from the six 30
days old piglets. The animals were humanely euthanized with a doses of ketamin and
afterwards T61 (Pharmazeutische Handelsgesellschaft mbH), adjusted to the individual
body weight through the vena cava cranialis, due to the permission of the Veterinary and
Food Inspection Office, Siegburg, Germany in order to investigate the animals
scientifically. After the animals had been euthanized at the research station, their thorax
were opened and the lungs in total, inclusive with the trachea were carefully removed and
transported on ice to the institute. The complete trachea was placed in a 50 ml tube with
sterile calcium-magnesium free Dulbecco's Phosphate-Buffered Saline (DPBS),
supplemented with 1 % Penicillin-Streptomycin 100 x concentrate (Penicillin 10,000
units/ml, Streptomycin 10,000 pg/ml) and 1 % Fungizone® Antimycotic and also

transported on ice.
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Pulmonary alveolar macrophages

As mentioned before, the thorax of the piglets was opened and the lungs were removed
softly, cleaned of blood by washing them with sterile DPBS and transported on ice. At the
laboratory the PAMs were isolated by lung lavage of the major airways with sterile DPBS,
as described by Wensvoort et al. (1991) but with few modifications. Sterile DPBS (50 -
100 ml) was poured into the lungs for 3 times and gently massaged, to spread the liquid
before the lavage fluid was collected in a sterile bottle. The recovered lavage fluid was
filtered by using sterile gauze and the cells were pelted by 1000 rpm for 10 min at 4°C. All
centrifugation cycles were gradually slowed down to prevent any turbulence. After the
centrifugation the supernatant was carefully and completely removed and the isolated cells
were treated with 5 ml Red Blood Cell (RBC) lysis buffer solution to prevent a
contamination with red blood cells. The following incubation period with RBC lyses buffer
took 5 min at room temperature (RT). The reaction of lysis buffer was stopped with 15 - 20
ml sterile DPBS and a cell pellet was produced. This process was repeated as often as
required until all red blood cells were completely removed. The viability of the cells was
determined on the basis of trypan blue dye exclusion. The final cell suspension was diluted
in 10 % trypan blue in sterile DPBS and the cells were counted with a hemocytometer.
Then the cells were finally cultured in Roswell Park Memorial Institute 1640 medium
(RPMI 1640 Medium, GlutaMAX™) containing 10 % Fetal Bovine Serum (FBS) and 1 %
Penicillin-Streptomycin 100 x concentrate, 1 % Fungizone® Antimycotic, 1 % Sodium
Pyruvate and 1 % MEM Non-Essential Amino Acids 100x (MEM-NEAA 100 x) in a
humidified 5 % CO, atomosphere at 37°C.

Dendritic cells

Dendritic cells (DCs) were isolated as described by Loving et al. (2007) but with several
modifications.

Before isolating the swine lung DCs, the lungs were washed with sterile DPBS. By lung
lavage, PAMs were removed to minimize cell contamination (Grayson et al. 2007). To
isolate lung DCs, different pieces of the lavaged, perfused lungs were cut and minced in
ice cold sterile DPBS in a sterile petri dish. The tissue was minced with scissors and
scalpels and poured in 50 ml tubes with sterile DPBS, supplemented with 2.5 mg Liberase

and 20 ul DNase 1. For an incubation period of 2 h the tissue-enzyme-mixture was kept in
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a 37°C pre-heated shaking water-bath. Following the incubation time, the composite was
filtered through a 70 pm BD cell strainer, the enzyme activity was stopped by inflicting
DCs culture medium which consisted of RPMI-1640 supplemented with 10 % FBS, 1 %
Gentamicin, 1 % Penicillin-Streptomycin 100 x concentrate, 1 % Fungizone® Antimycotic
and 1 % Sodium Pyruvate. Next the cells were pelleted by 1500 rpm for 5 min at 4°C and
the supernatant was carefully and completely removed. To prevent a contamination with
red blood cells, the RBC lysis buffer process was done before the cells were seeded into

the flasks. This process and the viability detection are described before (compare page 32).

Trachea epithelial cells

The trachea was transported to the laboratory on ice in a 50 ml tube, supplemented with a
mixture of sterile DPBS, 1 % Penicillin-Streptomycin 100 x concentrate and 1 %
Fungizone® Antimycotic. Before starting to collect the trachea epithelium, the trachea was
cleaned from blood and other tissue particles with sterile DPBS. Then the trachea was
placed in a sterile petri dish, opened with a scalpel and the inner trachea surface was
removed by peeling off the skin with forceps. This inner epithelium was split into small
pieces and placed into 6 well plates. After a 1 - 4 min surface drying process the trachea
epithelial cell medium was added drop by drop. The mixture 1:1 of RPMI-1640 and LH-9
medium, supplemented with 1 % FBS, 1 % Penicillin-Streptomycin 100 x concentrate and
1 % Fungizone® Antimycotic. Every three days the medium was carefully removed and
fresh medium was added to each well. After a period of seven days the tissues were taken
out and the trachea epithelial cells grew to a monolayer. At this time point the FBS

concentration was increased to 10 %.
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3.2.3 Cell characterization

Cell characterization by flow cytometry analyses

In the 1970s flow cytometry and cell sorters were developed in order to characterize
single-cells, due to their physical and chemical properties. It is a laser-based method and
measures the single-cells in liquid suspension by passing them through an electronic
detection apparatus (Kamentsky et al. 1965, Shapiro 2003).

Cell characterization by flow cytometry analyses on isolated lung DCs and PAMs was
performed as follows: The surface antigens antibodies were used singly and labelled with
fluorescein isothiocyanate (FITC), allophycocyanin (APC), phycoerythrin and a cyanine
dye 7 (PE-Cy7) as displayed in Table 2. The cells were harvested, washed with sterile
DPBS and the cell numbers were counted. Afterwards 1 x 10° cells were incubated under
dark conditions with 10 ul of conjugated antibody to CD11c, CD86, CD163 and 20 ul of
CD40 for 30 min at 4°C. The cells were stained, according to the antibodies manufacturers'
recommendations. After two washing cycles, using the flow cytometry staining buffer, the
cells were pelleted and finally resuspended within 400 ul flow cytometry staining buffer.
The cell characterization was performed, using the FACSCanto flow cytometer (BD
Biosciences), the analyses were executed, using FlowLogic® software (BD Biosciences;

Germany) in order to enumerate the cell population, based on cell surface marker.

Table 2: Antibodies, used for flow cytometry analyses

Antibody Isotype Clone Fluorescence Company

CD86 IgG1 37301 APC R&D Systems, cat. FAB141A

CD40 IgGl1 G28.5 FITC NOVUS Biologicals®, cat. NB100-
77786

CDll1c IgG N418 PE-Cy7 eBioscience, cat. 25-0114

CD163 IgG1 2A10/11 FITC Abdserotec, cat. MCA2311F
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Cell characterisation by immunofluorescence assay

For the immunofluorescence (IF) microscopy trachea epithelial cells were seeded on glass
slides and on the following day washed with DPBS. Before the cells were incubated with a
primary mouse monoclonal antibody against pan-cytokeratin (mouse-monoclonal, Abcam,
C-11, cat. ab7753) and zonula occludens (ZO-1 Mid) (rabbit polyclonal, Invitrogen, cat.
40-2200) diluted 1:400 in DPBS overnight at 4°C, the cells were fixed on the glass slides
with aceton-methanol. A cyanine 3-labeled donkey-anti-mouse serum and cyanine 2-
labeled donkey-anti-rabbit serum (Dianova, Hamburg, Germany) were applied as
secondary antibodies. Nucleus were tagged in blue through the counterstaining with 4°, 6’-
diamidino-2-phenylindole (DAPI). All photographic illustrations were done by using
corresponding microscopic settings with 207 a Motic Axiovision microscope (Zeiss)
(Eckerle et al. 2014).

Cell staining

REASTAIN® Quick-Diff Kit (Reagena, Toivala, Finland) was used for the cell element
staining. Lung DCs and PAMs were seeded on glass slides. Before the cells were dipped 5
- 10 times for 1 sec into the REASTAIN Quick-Diff FIX solution the slides were air-dried.
Afterwards the slides were dried again and then quickly immersed into the REASTAIN
QICK-DIFF RED solution 15 times for 1 sec. Once more the slides were dried and then
placed into the REASTAIN QUICK-DIFF BLUE solution 15 times for 1 sec. Subsequently
the slides were rinsed with a 1:20 prepared buffered water solution and air dried
afterwards. The stained cells were imaged under the microscope (Nikon) and are listed in

appendix (Figure Al and Figure A2).
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3.2.4 Porcine reproductive and respiratory virus propagation

The European prototype PRRSV strain LV and MARC-145 cells were donated by Prof.
Dr. Nauwynck from the Department of Virology, Parasitology and Immunology, Ghent
University in Belgium.

All experimental works in connection with PRRSV were done in the Institute of Virology,
University of Bonn Medical Centre. The MARC-145 a stable, mycoplasma-free cell line, a
highly permissive clone of African Monkey kidney cell line MA104, was utilized in these
experiments for PRRSV propagation. Cells were cultured in DMEM containing 10 % FBS,
1 % Penicillin-Streptomycin 100 x concentrate and 1 % Gentamicine in a humidified 5 %
CO, atmosphere at 37°C. Next the cells were inoculated with PRRSV at about 1 - 2 days
after seeding (approximate time to a doubling of the population). Cell cultures were
examined daily for the appearance of a cytophathic effect (CPE). The CPE was assayed,
using the light microscope after 5 - 6 days post infection (dpi). The culture supernatants of
5 - 6 dpi were collected and used to determine the virus growth with the plaque titration

method.

Plaque assay for detection of viral particles

For the measurement of virus infectious units the plaque assay is a very widely used
approach (Dimmock et al. 2007, Herzog et al. 2008, Matrosovich et al. 2006).

To quantify the virus titer the culture supernatant was collected. Briefly, 200 ul of virus in
10-fold serial dilution was added in duplicates to a monolayer of Marc-145 cells in a 24
well plate. After 1 h of incubation at 37°C in 5 % CO, atmosphere, the viral inoculum was
aspirated and the cells were washed twice with sterile DPBS. After that 500 ul of Avicel
overlay (Avicel® RC58, FCM BioPolymer, Belgium) with MEM medium, supplemented
with 5 % FBS, was added to each well. Avicel overlays were made by mixing 2.4 %
Avicel solution with an equal volume of 2 x MEM medium. After 4 days of incubation the
cells were fixed with a solution of 4 % formaldehyde for 30 min, afterwards the plate was
air dried for 10 - 20 min before proceeding to the next steps. Next the plate was stained
with 500 ul/well of 2 % crystal violet solution for 15 min, then removed and the plate was
washed carefully with ddH,O. As a result in the cell monolayer round clear areas named
plaques were counted visually and the virus titer in plaque-forming units per ml (PFU/ml)

was calculated.
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Purification of viral particles by ultracentrifugation

The purification of viral particles and the improvement of virus titer were performed by
ultracentrifugation, as described by (Delputte et al. 2002) but with few modifications.
Briefly, viral supernatants from infected MARC-145 cells were cleared from cell debris 6
dpi by centrifugation at 1000 rpm for 10 min. Afterwards 35 ml viral supernatant was
placed cautiously on 10 ml of a 36 % sucrose cushion in each plastic ultracentrifugation
tube (Open-Top Thickwall Polycarbonate Tube capacity 38 ml, Beckman Coulter). The
layered plastic tubes were admitted in pre-cooled rotor tube holder for ultracentrifugation
at 32,000 rpm for 3 h at 4°C by using the SW28Ti Beckman Coulter rotor and the pre-
cooled Beckman Coulter Optima™ L-80XP Ultracentrifuge. After centrifugation the liquid
was removed and the virus pellets were resuspended in 350 ul cold sterile DPBS. Next the
virus was reposed for 2 h at 4°C, then the resuspension was repeated, before storing the
virus in cryo-tubes at -80°C. The infectious dose of the virus stock was calculated by the

plaque titration as previously described.
3.2.5 Virus infection of experimental cells

Lung DCs, PAMs and trachea epithelial cells were seeded in 24 well plates at
approximately 2.5 x 10° cells per well and incubated until the monolayer was confluent.
Before infecting the cells, they were washed with 100 pl sterile DPBS and infected at a
multiplicity of infection (MOI) of 0.01. The MOI was determined as the ratio between PFU
of virus stock, used for the infection, and the number of cells (Hewitt et al. 2006). Virus
inoculum in 200 pl OptiPRO™ SFM was added to each well, 200 pul OptiPRO™ SFM
without virus was done in non-infected wells at time point O (0 h). Within 1 h of incubation
at 37°C in 5 % CO, the virus bound to but did not enter into the cells. The viral inoculum
was aspirated and the cells were washed again with sterile DPBS. Subsequently 500
ul/well of cell culture medium was added, the medium had been especially prepared for
each cell type. The experimental design I is depicted in Figure 6. The infection of Pietrain
and Duroc lung DCs, PAMs and trachea epithelial cells was performed individually for
each animal. The sample collection — harvesting of cells and supernatants - was done
before the infection at time point 0 (0 h, non-infected samples) and at 3, 6, 9, 12, 24 hours

post infection (hpi).
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PRRSYV infection
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Figure 6: Experimental design I for PRRSV infection: Pietrain (n=3, animal A1, A2,
A3) and Duroc (n=3, animal Al, A2, A3) lung DCs, PAMs and trachea
epithelial infected with LV; sample collection: non-infected cells (green
circle) at 0 h and infected cells (blue circle) at 3, 6, 9, 12, 24 hpi

3.2.6 Measurement of cell viability

The viability was determined with MTT (Thiazolylblau 3-(4.5-Dimethylthiazolyl-2)-2.5-
diphenyl-2H-tetrazoliumbromid) assay in untreated samples after 6 and 12 h and in virus
treated cells at 6 and 12 hpi. The MTT assay is a frequently used and easily reproducible
method to measure the cell viability in different types of cell cultures (Stockert et al. 2012).
For the assay 5 mg/ml MTT was dissolved in sterile DPBS, yielding a yellowish solution.
Lung DCs, PAMs and trachea epithelia cells were seeded in doubles in 96 well plates,
infected with PRRSV at a MOI of 0.01. After 1 h of incubation at 37°C in 5 % CO, the
viral inoculum was aspirated and fresh specific cell medium was added. Additionally, 25
ul of MTT-solution were added for an incubation time of 2 h at 37°C in 5 % CO,, during
this procedure the blue dye reaction (Formazan dye) was performed. At the end of the
incubation period the medium was removed and 100 ul of 4 % formaldehyde solution in

DPBS, for fixing the cells, was added to each well and incubated for 30 min at RT.
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Afterwards the formaldehyde was carefully removed and 100 ul Isopropanol (2-Propanol)
was added to each well and placed on the shaker for 10 min. This mechanism eluted the
blue dye from the cells. The absorbance of this converted dye was quantified by measuring
at a wavelength of 562 nm A; and at A, 630 nm on the plate reader Synergy™ 2 (BioTek
Instruments). The calculation of relative cell viability (%) was based on the subtraction of
blank optical density (OD) values from all other OD values and the relative cell viability
was evaluated by the following formula: (viable cells) % = (OD treated sample)/(OD

untreated sample) x 100.
3.2.7 Estimation of phagocytosis activity

Phagocytosis activities of lung DCs, PAMs and trachea epithelial cells were performed
with the Vybrant™ Phagocytosis Assay kit (Molecular Probes®). The fundamental
principle is based on the detection of the intracellular fluorescence, emitted by the
ingestion of particles, as well as on the effective fluorescence quenching of the
extracellular probe by trypan blue (Wan et al. 1993). For this assay cells were cultured in a
6 well plate and harvested by using cell scrapers. After two washing cycles with sterile
DPBS the cells' density was adjusted to 10° cells/ml. Five negative controls, five positive
controls and four experimental samples were performed and placed in a BD Falcon™ 96-
well imaging plate. The experimental samples (Pietrain and Duroc lung DCs and PAMs)
were supplemented with 50 ul of the Lipopolysaccharide from E. coli O111:B4 (LPS-EB)
Ultrapure (Invivo Gen) at 5 pug/ml in RPMI-1640 medium as well as trachea epithelial cells
with 50 ul of the Lipopolysaccharide from E. coli O111:B4 (LPS-EB) Ultrapure (Invivo
Gen) at 1 pg/ml in RPMI-1640 medium. Afterwards the experimental plate was transferred
for a 4 h incubation period at 37°C with 5 % CO, to allow the cells to adhere on the micro
plate surface. Accordingly to this incubation period, the RPMI-1640 medium was removed
and 100 pl of fluorescent BioParticle suspension was added to each well. After a 2 h
incubation period at 37°C in 5 % CO,, the BioParticle suspension was aspirated from all
wells, 100 ul trypan blue suspension was added to each well and incubated for 1 min at
RT. Immediately, the trypan blue suspension was aspirated and the fluorescence
measurement was done with a fluorescence microplate reader (Thermo Eectron, Waltham;
MA, USA) using ~ 480 nm excitation and ~ 520 nm emission. The relative phagocytosis
effect (%) was calculated on the basis of the net experimental reading and the net positive

reading.
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3.2.8 Phenotype analysis with cytokine assays

The concentrations of 1L-12p40, IL-18, TNFa, IFN-y and IL-8 in cell culture supernatants
were measured, using commercially available porcine specific Enzyme-linked
immunosorbent assay (ELISA) kits (R&D System, Minneapolis, MN, USA), as specified
by the manufacturer's instructions. The cytokines secretion differences of PRRSV infected
cells (lung DCs, PAMs, and trachea epithelial cells) were determined at 9 hpi. The OD
values were detected, using the plate reader Synergy™ 2 (BioTek Instruments) by 450 nm.
Standard and samples dilutions were added in duplicate wells. The concentrations (pg/ml)
of 1L-12p40, IL-18, TNFa, IFN-y and IL-8 of cell culture supernatants of lung DCs, PAMs
and trachea epithelial cells were generated by an interpolation of a standard curve run on
each plate. The analyses were performed with a 4 Parameters Logistic (4PL) curve
program (http://elisaanalysis.com/). A regression formula was used for the calculations

which included the cytokine standard curve parameter.

3.2.9 RNA isolation

The experimental design II for RNA isolation is demonstrated in the following Figure 7.
Total cellular RNA was extracted for two different purposes, on the one hand for the RNA-
Sequencing (RNA-Seq) and on the other hand for the quantitative real-time PCR analyses.
For the RNA-Seq the RNA isolation included infected (3, 6, 9, 12 and 24 hpi) pooled
Pietrain (pool n=3) and pooled Duroc (pool n=3) lung DCs as well as non-infected (0 h)
pooled Pietrain (pool n=3) and non-infected pooled Duroc (pool n=3) lung DCs (Figure 7).
The quantitative real-time PCR analyses were done in two isolated schemes: on one side
total cellular RNA of pooled Pietrain (pool n=3) and of pooled Duroc (pool n=3) samples
(lung DCs, PAMs, trachea epithelial cells) were extracted, on the other side the RNA of

non-pooled (lung DCs, trachea epithelial cells) samples were isolated (Figure 7).
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Figure 7: Experimental design II for total RNA isolation: RNA isolation for RNA-Seq

of pooled Pietrain and Duroc lung DCs (I); RNA isolation for real-time PCR

of pooled Pietrain and Duroc lung DCs and pooled Pietrain and Duroc

PAMs (II) as well as of non-pooled lung DCs and non-pooled trachea

epithelial cells (IIT) of Pietrain animals (A 1, 2, 3) and Duroc animals (A 1,

2, 3); non-infected cells (green circle) at O h and infected cells (blue circle)

at 3, 6,9, 12, 24 hpi
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Preparatory work for total cellular RNA isolation

At six different time points (0 h, 3, 6, 9, 12, 24 hpi) the medium was completely removed
and stored in -80°C for future assays and analyses. The cells were harvested, by adding 50
ul of trypsin to the cells for an incubation time of 3 - 5 min at 37°C in 5 % CO,. Within
this incubation time the adherent cells dissociated from the wells and appeared rounded in
the suspension. To stop the trypsinization process, 100 - 150 pl of cell culture medium was
added, mixed with the trypsin cell solution and replaced in a new collection tube for
centrifugation at 1000 rpm for 5 min. The liquid was removed and 200 ul Lysis Buffer
(AllPrep® DNA/RNA/Protein Mini Kit, Qiagen) was added to each cell pellet, mixed and
the lysed cells were stored at -80°C. After all infection time points had been collected, the
RNA isolation was continued. The total cellular RNA isolation was done with the
AllPrep® DNA/RNA/Protein Mini Kit, according to the manufacturer's recommendations
with slight modifications of chemical volumes, depending on the decreased specimens
insert of 300 ul. Nearly all centrifugation steps were performed in a benchtop
microcentrifuge at 10,000 rpm, the exceptions are mentioned in the text. The lysed samples
were precisely unfreezed, homogenized by vortexing the tube for 1 min and then shortly

down centrifuged.

Pooled RNA isolation of lung DCs for RNA-Sequencing

After the first preparation process, 100 ul of each lysed lung DCs were pooled together in
one AllPrep DNA spin column and centrifuged for 30 sec. Each AllPrep spin column
included the amount of lung DCs of one breed for one infection time point (compare
experimental design II, Figure 7). The AllPrep DNA spin column was placed in a new
collection tube and stored for further isolation at 4°C. The flow-through of the AllPrep
DNA spin column was used to continue the RNA isolation, mixed with 200 ul 96 %
ethanol absolute AnalaR NORMAPUR® ACS, transferred to a RNeasy spin column and
centrifuged for 15 sec. The resulting flow-through was placed in a new tube and freezed by
-80°C for following protein purification steps. The RNeasy spin column was reassembled
in the collection tube, 450 ul RW1 Buffer was added, followed by a centrifugation step of
15 sec. Next the RNeasy spin column was washed twice with RPE Buffer: the first time
with 350 pul, the second time with 250 ul. Then the RNeasy spin column was placed into a

new collection tube and centrifuged at full speed for 1 min. Finally the RNeasy spin
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column was transferred in a fresh 1.5 ml elution tube, provided with the kit. RNA was
eluted with a total of 30 pl of RNase-and DNase-free water, also provided with the kit and
centrifuged for 2 min. The total cellular RNA quality and quantity was measured by
Nanodrop 8000 spectrophotometer (Thermo Fisher Scientific) and an Agilent Bioanalyzer
with RNA 6000 Nano Kit (Agilent Technologies Inc, CA, USA), respectively. 5 ul of the
isolated RNA samples were sent to GATC Biotech (Konstanz, Germany) for transcriptome

analyses by RNA-Seq.

RNA isolation for quantitative real-time PCR of non-pooled samples

The total cellular RNA of non-pooled lung DCs and of non-pooled trachea epithelial cells
(compare experimental design II, Figure 7) was isolated, wusing AllPrep®
DNA/RNA/Protein Mini Kit (Qiagen), as described above and according to the
manufacturer's recommendations with reduced usage of chemical volumes because of a
decreased samples insert of 100 pl. The reduction included following volumes: 125 ul
ethanol absolute AnalaR NORMAPUR® ACS, 300 ul RW1 Buffer, 200 ul and 150 pl
RPE Buffer. Finally the total cellular RNA was measured by Nanodrop 8000
spectrophotometer (Thermo Fisher Scientific) and the complementary DNA (cDNA) was

synthesized.

RNA isolation for quantitative real-time PCR of pooled samples

The total cellular RNA of pooled infected and of pooled non-infected lung DCs, PAMs and
trachea epithelial cells (compare experimental design II, Figure 7) was extracted for all
time points (0 h, 3, 6, 9, 12, 24 hpi). The RNA isolation process was similar to the RNA
extraction of lung DCs for RAN-Seq and the cDNA was synthesized as described below.

c¢DNA synthesis of pooled and non-pooled total cellular RNA

The synthesis of cDNA, using SuperScript® II Reverse Transcriptase (Invitrogen™) was
done with a final reaction volume of 20 pl and contained: cellular RNA, ddH,O, 0.5 ul
Olig(dt)15 Primer, 0.5 pul Random Primers, 0.7 ul RNasin® Plus RNase Inhibitor
(Promega) as well as 0.3 ul SuperScript® II Reverse Transcriptase, 1 ul dNTPs, 2 ul DTT

0.1 M and 4 pl 5x reaction Buffer. Before adding the enzymes, the reaction mixture was
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heated to 70°C for 5 min and placed directly on ice for 1 min. The cycling was performed
at 25°C for 5 min, 42°C for 90 min and 72°C for 15 min. The synthesized cDNA was
stored at -20°C until they were used for quantitative real-time reverse transcriptase

polymerase chain reaction (QRT-PCR).

3.2.10 RNA-Sequencing

The TruSeq RNA Sample Preparation Kit (Illumina) (Figure 8) was used to sequence 12
lung DCs RNA samples (compare experimental design II, Figure 7) by GATC Biotech AG
(Konstanz, Germany). The RNA was sequenced, using Illumina HiSeq 2000 with 100
bases single-read mode. The RNA-Seq library consisted of two pools, each included six
samples. The whole RNA-Seq library was analyzed on two lanes of the same flow-cell.
Before starting with the Illumina TruSeq RNA Sample Preparation Kit, 10 ul of RNase-
and DNase-free water was added to the lung DCs RNA, to reach a total volume of 15 ul,
followed by quality measurement with Agilent 2100 Bioanalyzer. The optimal processing
for the 12 samples was done with the Low-Thoughput (LT) Protocol, selected from the
TruSeq™ RNA Sample Preparation Guide. The following Figure 8 represents the whole
processing of sample preparation, done by GATC Biotech (Konstanz, Germany). In
essential it includes the purification of poly-A containing mRNA molecules, the mRNA
fragmentation, the random primed first strand cDNA synthesis, followed by the second
strand cDNA synthesis, the adapter ligation and the pooling of tagged libraries to two
pools, each one consisting of six libraries. For sequencing Illumina Truseq PE Cluster Kit
V3 and Illumina TruSeq SBS V3 Kit were used. The base calling, data filtration and
sorting were done by CASAVA Pipeline Version 1.8.0. After the analyses of the samples

on HiSeq 2000, FastQ files were produced, consisting of sequences and quality scores.
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Figure 8: Workflow out of the LT TruSeq RNA Sample Preparation protocol
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3.2.11 Validation of selected candidate genes by quantitative real-time polymerase

chain reaction

The validation of the RNA-Seq data and the analyses of the expression profiles of selected
candidate genes were performed by qRT-PCR. The expression abundances of these ten
genes were determined for all six time points (0 h, 3, 6, 9, 12, 24 hpi) and in all three cell
lines. Therefore non-pooled samples of lung DCs and non-pooled trachea epithelial cells as
well as pooled samples of PAMs were investigated (compare experimental design II,
Figure 7). All PCR primers (Table 3) were designed, using Primer3 online software
(http://primer3.ut.ee/), and additionally proofed with Basic local Alignment Search Tool
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to ensure specificity. Afterwards a PCR
amplification product of each primer was validated by sequencing, using CEQ 8000
Genetic Analysis (Beckman Coulter). Each qRT-PCR reaction consisted of a sample in
form of 2 ul cDNA (50 ng/ul), forward (F) and reverse (R) primers as well as 10 ul of
iTag™ Universal SYBR® Green Supermix (Bio-Rad Laboratories GmbH). The final
reaction volume was 20 ul per well with RNase-and DNase-free water. The cycling
conditions were conducted with the following program: 50°C for 2 min, 95°C for 10 min
and 40 cycles of 95°C for 15 sec followed by 60°C for 1 min. A melting curve test was
done, before verifying the presence of gene-specific peaks and the absence of primer
dimer. The validation was performed with the use of QRT-PCR on the StepOnePlus™ Real
time PCR System (Applied Biosystems®). The comparative threshold cycle (Cr) method
was used to quantify the levels of mRNA abundance. The results were normalized with the
expression level of two reference genes: Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and hypoxanthine phosphoribosyltransferase 1 (HPRT1).
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Table 3: Primers and their sequences of ten selected candidate genes

Acc no' Gene p° Sequence (5°-3")

HQO013301 Glyceraldehyde-3- F° GCTGGTGCTGAGTATGTCGT
phosphate dehydrogenase R' CAAGCAGTTGGTGGTACAGG
(GAPDH)

NM_001032376 Hypoxanthine F* AACCTTGCTTTCCTTGGTCA
phosphoribosyl- R* TCAAGGGCATAGCCTACCAC
transferase 1 (HPRTI)

NM_213779 Chemokine (C-C motif) F° CTCTCCTCCAGCAAGACCAT
ligand 4 (CCL4) R' CAGAGGCTGCTGGTCTCATA

NM_214087 CD80 molecule (CD80) F° TCAGACACCCAGGTACACCA

R* GACACATGGCTTCTGCTTGA

NM_214222 CD86 molecule (CD86) F° TTTGGCAGGACCAGGATAAC

R* GCCCTTGTCCTTGATTTGAA

NM_001001861 Chemokine (C-X-C F’  ATCCAGGACCTGAAGGTGAC
motif) ligand 2 (CXCL2) R* ATCAGTTGGCACTGCTCTTG

NM_001003923 Interferon, beta 1, F°  ACCTGGAGACAATCCTGGAG
fibroblast (IFNB1) R' AGGATTTCCACTTGGACGAC

NM_001252429 Interleukin-6 (IL-6) F* GCTTCCAATCTGGGTTCAAT

R* GGTGGCTTTGTCTGGATTCT

NM_214113 Janus kinase 2 (JAK?2) F° GACAGGAAATCCTCCCTTCA

R* TCACCTCCACTGCAGATTTC

NM_001097431 MHC class I antigen 1 F°  AGAAGGAGGGGCAGGACTAT
(SLA-1) R* TCGTAGGCGTCCTGTCTGTA

NM_001113695 SLA-DRA MHC classIT F° ACTGGAACAGCCAGAAGGAC
DR-alpha (SLA-DRA) R AGAGCAGACCAGGAGGTTGT

NM_001044580 Signal transducer and F'  ATGCTGGAGGAGAGAATCGT
activator of transcription R* AGGGAATTTGACCAGCAATC

3 (acute-phase response

factor) (STAT3)

1 . 2 . 3 4
Acc no = Accession number; P"= Primer, F'= Forward, R"'=Reverse
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3.2.12 Cytokine expression profile by quantitative real-time polymerase chain

reaction

The expression profile of five selected cytokines was performed by qRT-PCR. Primers and
their sequences are represented in Table 4. The process flow of primer design and qRT-
PCR reactions proceeded as described above (compare chapter 3.2.11). The expression of
these five genes was done for all six time points (0 h, 3, 6, 9, 12 and 24 hpi) and for all
three cell lines. The analyses were performed with pooled samples of lung DCs, pooled
PAMs and pooled trachea epithelial cells, as shown in experimental design II (compare

chapter 3.2.9, Figure 7).

Table 4: Primers and their sequences for cytokine expression profiling

Acc no' Gene p° Sequence (5°-3")

HQO013301 Glyceraldehyde-3- F°  GCTGGTGCTGAGTATGTCGT
phosphatedehydrogenase R* CAAGCAGTTGGTGGTACAGG
(GAPDH)

NM_001032376 Hypoxanthine F* AACCTTGCTTTCCTTGGTCA
phosphoribosyl- R* TCAAGGGCATAGCCTACCAC
transferase 1 (HPRTI)

NM_213948 Interferon, gamma FF AGCTCCCAGAAACTGAACGA
(IFN-y) R' AGGGTTCAAAGCATGAATGG

NM_001005149 Interleukin-1 beta (IL-18) F° GTACATGGTTGCTGCCTGAA

R* CTAGTGTGCCATGGTTTCCA

NM_214013 Interleukin 12B (natural FF TCTCGACACGTGGAGATCAG

killer cell stimulatory R* TTCACTCCAGGAGGAGCTGT

factor 2, cytotoxic
lymphocyte maturation
factor 2, p40) (IL-12p40)
NM_213867 Interleukin 8 (IL-8) F'  TAGGACCAGAGCCAGGAAGA
R* CAGTGGGGTCCACTCTCAAT
NM_214022 Tumor necrosis factor F* CCACCAACGTTTTCCTCACT
(TNF-a) R* CCAAAATAGACCTGCCCAGA

Acc no'= Accession number; P’= Primer, P= Forward, R*=Reverse
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3.2.13 Statistical analyses

The workflow of the next generation sequencing analysis and of the quantitative real-time

PCR analysis is depicted in Figure 9. The intermediate steps will be explained in a short

form.
Next generation sequencing analysis
= Data processing
* Scquence alignment and expression values
(=] . .
g « Virus sequence alignment
o4 - .
E 2| + Normalization
w - -
< g Differentially expressed genes
l:% gl = Clustering gene expression profiles and network analysis
j=> . .
v * Pathway enrichment analysis
Real-time PCR analysis
* Normalization
* Pairwise comparison
Figure 9: Workflow of statistical analyses

3.2.13.1 Next generation sequencing analysis

Data processing

FastQ Files were unzipped and the quality control check of the high throughput sequence
data was performed with the supporting Java tool FastQC
(http://www .bioinformatics.babraham.ac.uk/projects/fastqc/) (Wolf 2013). Next all
overrepresented adapter sequences were trimmed by the use of the software cutadapt
(http://code.google.com/p/cutadapt/) (Martin 2011). For this process the error rate was
fixed at 5 % and at a 80 % overlapping rate. Additionally, based on the first quality control
output, the first 15bp of the raw sequence data was removed by the usage of the tool seqtk
(https://github.com/lh3/seqtk). Afterwards the quality control check by FastQC was
repeated in order to monitor the sequence quality improvements of the previous steps.

Further, the software cutadapt was used once more to remove the reads which were lower
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than 50bp in length and to trim the read bases with Phred score less than 20 (-q20). After

these filter steps a quality control was performed again with FastQC.

Sequence alignment and expression values

After the quality control the raw reads were mapped to the reference genome. The
reference genome build, used here, was the current release of the porcine genome build,
Susscrofa 10.2 (http://www.ncbi.nlm.nih.gov/assembly/304498/). The process was done
with TopHat (http://tophat.cbcb.umd.edu), an efficient read-mapping algorithm, designed
to align reads and to make substantial use of Bowtie 2 (http://bowtie-
bio.sourceforge.net/bowtie2/index.shtml) (Langmead et al. 2009, Trapnell et al. 2009). All
reads that did not map to the genome were set aside as unmapped reads. With the tool
SAMStat (http://samstat.sourceforge.net/) all statistics were generated for mapped and
unmapped reads. During the whole analysis Sequence Alignment/Map (SAM) files and
Binary Alignment/Map (BAM) files were stored and Samtools
(http://samtools.sourceforge.net/samtools.shtml) were used to generate BAM files from
SAM files (Li et al. 2009). To calculate the expression set, read count matrix of all 12
samples, coverageBed utility of the BEDTools toolset
(http://bedtools.readthedocs.org/en/latest/) (Quinlan and Hall 2010) plus gene feature

information of Entrez Gene ID (http://www.ncbi.nlm.nih.gov/gene) were used.

Virus sequence alignment

The presence of the virus sequence in all 12 samples was detected by using the mapping
tool Bowtie 2. To reach an alignment, the complete genome of the LV strain (GenBank:

M96262), the whole transcript reads and the unmapped reads were compared.

Normalization

Normalization enables accurate comparisons of expression levels between and within
samples. DESeq Bioconductor package and R, an open-source-interpreted computer
language, were used to normalize the count data. The calculation based on a DESeq

estimated size factor and a size factors function (Anders and Huber 2010).
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Differentially expressed genes

After normalization, transcripts were filtered which had shown a read value of zero at
every time point (0 h, 3, 6, 9, 12 and 24 hpi) for both breeds, they were excluded from
further analysis. The analysis was continued, using the adjusted expression set.
Differentially expressed gene transcripts were determined by the utilization of DESeq
Bioconductor package (package chapter 3.2, “Working partially without replicates”) and
R. Pairwise comparisons of expression were done between PRRSV infected cells (3, 6, 9,
12, 24 hpi) and non-infected cells at time point zero, to detect differentially expressed gene
transcripts. Significant differences between the time points were achieved by p < 0.05 and
a false discovery rate (FDR) of 10 %.

Clustering gene expression profiles and network analysis

The normalized reads were used for further cluster and network analyses with the D-
NetWeaver Software which was developed by the University of Rochester Center for
Biodefense Immune Modeling (https://cbim.urmc.rochester.edu/software/d-netweaver/).
This software offers a data visualization feature and creates clusters of individual genes
into groups when the expression patterns of these genes are similar during the time course
experiment. For this study the approach operated in different steps; step I: nonparametric
mixed-effects model with mixture distribution for clustering, step II: nonparametric mixed-
effects smoothing each module. The gene expression data modelling over time utilized
mclust algorithms which were provided in a R package. It started with the modulation of
‘mean curves’ for each cluster of genes by a smoothing spline. Bayesian information
criterion (BIC) represented the final number of clusters (Lu et al. 2011a, Ma et al. 2006,
Ma and Zhong 2008). The numbers of clusters per breed were visualized in a dynamic

network model.

Pathway enrichment analysis

The pathway enrichment analysis of clustered RNA-Seq gene transcripts was carried out,
using a hyper geometric gene set enrichment test in R. The functional annotation analysis
was done for all clusters of Pietrain and Duroc. In this process overrepresented gene sets

were defined by Kyoto Encyclopedia of Genes and Genomes database (KEGG;
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http://www.genome.jp/kegg/) and were tested by using Fisher's exact test. A gene-set was
considered as significant if p < 0.05.

A "Top 10 List" of pathways was established, including all pathways which reached the
statistical ranking (p < 0.05) and clusters with read counts over 20. Read counts lower than
20 were excluded from further analyses. The second criteria for the selection of pathways

for the “Top 10 List” was the frequency of occurrence per breed.

3.2.13.2 Real-time PCR analyses

Normalization

The gene expression data of lung DCs, PAMs and trachea epithelial cells which were
already analyzed under paragraph 3.2.11 and 3.2.12, were normalized against Ct values of
the reference genes GAPDH and HPRT].

Pairwise comparison

According to this calculation, the relative expression was determined and further statistical
analyses were done by the ANOVA pairwise comparison method in R. The Tukey Honest
Significant Difference (HSD) method was used to control the Type I error rate across the
multiple comparisons. The pairwise comparison was utilized for all time points of one

breed and for the comparison of Duroc and Pietrain.
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4 Results
4.1  Cell characterization
4.1.1 Cell characterization by flow cytometry analyses

The phenotypic evaluation of the collected lung DCs and PAMs was carried out, using a
flow cytometric analysis with cell surface markers such as CD11c, CD80, CD86, CD40 for
lung DCs and CD163 for PAMs. The results of the flow cytometric analysis are arranged
in the following histograms (Figure 10). The expression on lung DCs was of CD11c 83 %,
of CD86 29 % (Figure 10, B), of CD80 14 % and of CD40 64 % (Figure 10, B). The
expression of CD163 on the surface of PAMs was 27 % (Figure 10, B).

The lung DCs exhibited the phenotypic characteristics of immature DCs, including high
CD11c and low CD80/86 expression.
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Figure 10:

fluorescence

Staining of cell surface molecules on lung DCs and PAMs for flow

cytometric analyses. The cell numbers are listed at the y-axis and the

fluorescence on the x-axis. The first row (A) includes cells without staining

and the second row (B) includes cells which were stained with the above

mentioned cell surface markers. The last row (C) includes the measured

fluorescence of both detections, first of cells without antibodies (blue-line

histogram) and second of cells, stained with antibody (red-line histogram)
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4.1.2 Cell characterization by immunofluorescence assay

Trachea epithelial cells were characterized with specific cell markers with
immunofluorescence assay (IFA), according to their cell properties such as the expression
of cytokeratin (CK) as well as of tight junction proteins zonula occludens protein (ZO-1).
The nucleus was counterstained in blue by DAPI. In Figure 11 the IF staining of trachea
epithelial cells are displayed.

The trachea epithelial cells (A, B, C) were positive for both of these specific epithelial

markers.

Merge Z0-1 DAPI

B ---

Figure 11: IF staining of trachea epithelial cells with zonula occludens protein (ZO-1),

cytokeratin (CK) and DAPL. First the cell markers are merged together, next
each marker is presented separately, the last pictures show the stained

nucleus
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4.1.3 Cell viability and phagocytosis activity

In the following subparagraphs the results of lung DCs, PAMs and trachea epithelial cells
are presented. The investigations were done in the above mentioned respiratory cell lines

of two different pig breeds, Duroc and Pietrain.

The viability of infected PRRSV lung DCs (Figure 12, A), PAMs (Figure 12, B) and
trachea epithelial cells (Figure 12, C) was determined by MTT assay. The relative viability,
indicated in percentage (%), was defined by the relationship between infected cells at 6 hpi
and 12 hpi and non-infected samples at 6 h and 12 h. The relative cell viability of infected
lung DCs was lower at 12 hpi in comparison to those at 6 hpi. The relative cell viability of
virus infected PAMs was 84 % at all time points. Trachea epithelial cells showed a higher
degree of viability at 6 hpi than at 12 hpi. At time point 6 hpi 69 % and at 12 hpi 61 % of
relative cell viability were detected.

PRRSYV infected lung DCs and trachea epithelial cells represented a lower relative cell

viability at 12 hpi than at 6 hpi.
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Figure 12: Relative cell viability of infected lung DCs (A), PAMs (B) and trachea
epithelial cells (C) at 6 hpi and 12 hpi
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The relative phagocytosis effect of lipopolysaccharides (LPS) stimulated lung DCs and
PAMs (Figure 13) and trachea epithelia cells (Figure A3) was indicated in percentage (%).
For the calculation of the relative phagocytosis effect net experimental reading and net

positive reading were used.
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Figure 13: Relative phagocytosis effect (%) of LPS (dose: 5 ug/ml) infected Pietrain
(Pi) and Duroc (Du) lung DCs and PAMs

Pietrain infected lung DCs presented a higher relative phagocytosis effect of 70 % after a
dose of 5 pg/ml LPS in comparison to Duroc lung DCs (66 %). Comparing the relative
phagocytic effect of LPS infected PAMs (Figure 13), the Pietrain samples revealed a much
higher effect (73 %) after an infection dose of 5 pug/ml of LPS than Duroc PAMs (43 %).
The relative phagocytosis effect of infected trachea epithelia cells (79 %), is arranged in
the appendix (Figure A3).

In general, strong breed differences were detected by the investigation of the relative

phagocytosis effect of LPS infected lung DCs and PAMs.
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4.2  Cytokines secretions in relation to the cytokine gene expression profiles

The cytokine concentrations of five (IFN-y, IL-8, IL-1B, IL-12p40 and TNF-a) various
cytokines in cell culture supernatants were measured. The cytokines secretion differences
of PRRSV infected cells (lung DCs, PAMs, and trachea epithelial cells) at 9 hpi were
determined. The levels of IFN-y, IL-8, IL-1f and TNF-a are shown in Figure 14.

The levels of the cytokines IFN-y (Figure 14, A) and TNF-a (Figure 14, B) were between 0
and 40 pg/ml and the levels of IL-1B (Figure 14, C) and IL-8 (Figure 14, D) ranged
between 0 and above 8000 pg/ml. Pietrain lung DCs obtained an IFN-y concentration of
32.99 pg/ml and Duroc lung DCs of 12.11 pg/ml. A difference was visible between
infected trachea epithelial cells where concentrations of 15.15 pg/ml for Pietrain and 7.88
pg/ml for Duroc were detected. Very similar cytokine levels were recognizable for Pietrain
and Duroc PAMs.

The cytokine levels of TNF-a were located in similar concentrations for all analyzed
samples. The IL-1B concentration of Pietrain lung DCs increased to a level of 2532.90
pg/ml. In comparison, Duroc lung DCs reached a maximum IL-1 concentration of 104.65
pg/ml. A threefold high IL-1B concentration was observed in Duroc PAMs with 302.78
pg/ml in contrast to Pietrain PAMs where a concentration of 110.73 pg/ml was achieved.
For the cytokine IL-8 strong differences were detected, comparing Pietrain PAMs (a
concentration of 113.33 pg/ml) and Duroc PAMs (a concentration of 3982.00 pg/ml). The
other levels of IL-8 cytokine did not deviate strongly from each other. Regarding the 4PL

curve analysis, there was no IL-12p40 concentration data detectable.
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Levels of cytokines in cell culture supernatant at 9 hpi in lung DCs, PAMs

and trachea epithelial cells of Pi and Du. The concentrations (pg/ml) of IFN-
vy (A), TNF-a (B), IL-1B (C) and IL-8 (D) were measured with commercial

porcine ELISA kits
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In order to investigate the cytokine profiles of PRRSV infected lung DCs, PAMs and
trachea epithelial cells in detail, the expression of IFN-y, IL-1p, IL-8, TNF-a and IL-12p40
mRNA was quantified by quantitative real-time PCR. Only the analysis of IFN-y in all
respiratory cells and the analysis of IL-18 in trachea epithelial cells failed, due to the small
amount of detected expression data. The results of the expression analyses of IL-1f and IL-
8 of pooled Pietrain and Duroc lung DCs, PAMs and trachea epithelial cells (compare

experimental design II, Figure 7) are shown in the following Figure 15 and Figure 16.
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Figure 15: Gene expression levels of IL-18 in non-infected (0 h) and infected (3, 6, 9,
12, 24 hpi) lung DCs (A) and PAMs (B) of Pietrain and Duroc
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The gene expression patterns of IL-8, IL-1B, TNF-a and IL-12p40 changed similarly
within the same cell types. But the comparison between the different cell types indicated
different expression trends. For instance IL-1f in lung DCs showed a declining expression
trend after 6 hpi, whereas IL-1P in PAMs represented an increasing expression trend after
3 hpi. Similar observations were made for expression profiles for IL-8 of lung DCs and
PAMs. IL-8 in trachea epithelial cells of both breeds represented a rather stable expression
pattern. Further figures, containing the graphs of the expression profiles of TNF-a (Figure
A4) and IL-12p40 (Figure AS), are arranged in the appendix.

The cytokine secretions and the gene expression profile indicated cell-type differences.

Additionally, breed differences were visible with regard to the cytokine secretion results.
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4.3 Transcriptome analysis

4.3.1 RNA-Sequencing processing and alignment

In order to investigate the transcriptome profile of PRRSV infected lung DCs, the created
RNA libraries of PRRSV infected and non-infected lung DCs were used for deep
sequencing with an Illumina HiSeq 2000. The RNA-Seq analysis of infected lung DCs (0
h, 3, 6,9, 12, 24 hpi) of two different purebred pigs (Pietrain and Duroc) obtained a total
number of short reads between 20,9 and 30,2 millions for each library. But one exception
existed, concerning the read library at 3 hpi of Pietrain which represented a total number of
13 million reads. The tool FastQC was used for basic statistics, including following parts:
per base sequence quality, sequence quality scores, base sequence content, base GC
content, sequence GC content, base N content, sequence length distribution, sequence
duplication levels as well as overrepresented sequences and Kmer content. Based on these
results, the overrepresented sequences and adapter sequences as well as the first 15bp were
removed from the raw sequence. The total number of high quality reads after all filtration
steps ranged from 12,9 to 29,5 million reads. The values of read counts, mapped to the Sus
scrofa genome, ranged between 74.8 % to 81.3 % and the unmapped ones between 18.7 %
and 25.2 %. The informations, regarding read counts of Pietrain and Duroc before and after
the filtration and the read length as well as the mapping statistics, are listed in the appendix
(Table A2 and Table A3). The total number of 20,396 porcine predicted gene transcripts
was identified and according to these gene transcripts, a gene expression table was listed

with read counts between 0 and 762,300.

4.3.2 Virus sequence alignment

Virus sequence alignment was additionally performed in order to detect virus reads in all
12 samples. For the sequence mapping the LV strain was aligned to the whole sequenced
reads and to the unmapped reads. At O h in non-infected cells no virus read was detected.
Just 8 reads of Duroc and 9 reads of Pietrain matched coincidentally somewhere in the
virus genome (Figure 17).

But after infection the number of virus specific reads, which mapped, increased with the
time points of infection. At 3 hpi the read counts exploded for Pietrain to 9433 and for

Duroc to 4924. For Pietrain the read counts continued to increase to 13,941 at 6 hpi, to



64 Results

25,948 at 9 hpi, to 177,590 at 12 hpi and reduced considerably to 36,435 reads at 24 hpi. In
contrast the read counts for Duroc at 3, 6 and 9 hpi were very close to each other and did
not present any big variances. But at 12 hpi the counts increased to 49,617 and at 24 hpi,

they literally exploded with an increase to 1,119,046 read counts.
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Figure 17: Virus sequence alignment of Pietrain and Duroc lung DCs before and post
PRRSYV infection

At 3 hpi the virus read counts differed between Pietrain and Duroc at round about 50 %. At
6 hpi and 9 hpi the virus read counts differed between the two breeds more than 50 %. But
at 24 hpi a multiple virus growth was visible in Duroc lung DCs, whereas a strong decrease

of virus reads in Pietrain lung DCs was detected.
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4.4  Clustering gene expression profiles and network analysis

All 20,396 individual gene transcripts (compare chapter 4.3.1) were grouped, according to
their similar expression patterns during the time course infection experiment. The D-
NetWeaver Software visualized 37 counted clusters for Pietrain (Figure 18, A) and 35
counted clusters for Duroc (Figure 18, B). The assignment to the clusters was based on the
transcriptome profile per breed. For example in cluster 26 of Pietrain (Figure 19, A) 450
gene transcripts were identified with a similar expression profile. The red line represents
the mean expression curve which was determined by the expression trend of the gene
transcripts. Cluster 25 of Duroc (Figure 19, B), another example, included 336 gene

transcripts.

The functional analysis of the gene transcripts, organized in these clusters, follows in the

next chapters 4.4.1 and 4.4.2.
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Figure 18: Pietrain network with 37 clusters (A), Duroc network with 35 clusters (B)
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Figure 19: Mean expression curve for cluster 26 of Pietrain (A) and cluster 25 of Duroc

(B)

4.4.1 Pathway enrichment analysis after RNA-Sequencing

The pathway enrichment analysis (compare chapter 3.2.13) of RNA-Seq gene transcripts
was done with all clusters of Pietrain (37 clusters) and Duroc (35 clusters). For both breeds
collectively 171 pathways (p < 0.05) were identified. Additionally, 47 pathways (p < 0.05)
were investigated only for Duroc. In order to list the top 10 pathways, clusters with read
counts lower than 20 were excluded from this analysis. The “Top 10 List” included only
clusters with read counts higher than 20 and pathways which occurred with a higher

frequency per breed. Table 5 provides the top 10 pathways and the associated clusters.
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Table 5: “Top 10 List” of pathways and the associated clusters
Pathways Pietrain clusters Duroc clusters
Phagosome 12, 22, 33, 34, 35, 36, 37 25, 30, 31, 32, 33, 34
Spliceosome 28, 29, 31, 32, 34 22,23,29, 32
HIRGISIN [ROSESEITI i 28,31, 33, 34, 35 28,29, 31, 32
endoplasmic reticulum

Focal adhesion 29, 31, 35, 36, 37 26, 33, 34, 35
Endocytosis 28,32, 34 3,22,25, 30,32
Rheumatoid arthritis 15, 29, 35, 36 25, 30, 32, 34
Alvieliogou 14,17, 18, 24 1,6, 18, 19
recombination

Cell cycle 16, 18, 21, 25 1,6, 18, 19
Oxidative phosphorylation 27, 30, 33, 34 27,28, 31, 32
JAK-STAT signaling 9,10, 15, 32 7.20

pathway

The Pietrain clusters 28, 29, 31, 32, 33, 35, 36 had a high occurrence in the “Top 10 List”

of pathways, the highest occurrence was detected for cluster 34. The same observations

were possible for Duroc clusters. Some of the clusters occurred more frequently, for

example those of 30, 31, 34. The cluster 32 exhibited a higher occurrence for Duroc. The

cluster 34 of Pietrain and the cluster 32 of Duroc demonstrated a homology for 5 pathways.

This homology exhibited for the pathways phagosome, spliceosome, and protein

processing in endoplasmic reticulum, endocytosis as well as oxidative phosphorylation.

The amount of the gene transcripts, included in the clusters, varied also between the

breeds. The graph (Figure 20) represents the total number of gene transcripts, according to

the top 10 pathways.
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Figure 20: Number of gene transcripts per pathway. Gene transcripts are listed at the

y-axis, according to the “Top 10 List” (compare Table 5)

The pathway phagosome was associated with most of the clusters and presented a high
level of gene transcripts (53 for Duroc and 60 for Pietrain) (Figure 20). The pathway
protein processing in endoplasmic reticulum contained 74 gene transcripts for the breed
Pietrain and so it was the pathway with the highest number of gene transcripts. The
smallest number of gene transcripts was exposed by the pathway homologous
recombination for the breed Pietrain. For the breed Duroc the smallest one was the JAK-
STAT signaling pathway. For these both pathways there was only an amount of 10 gene

transcripts.
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4.4.2 Analysis of gene transcripts frequency

As described above (compare chapter 4.4.1), some clusters showed an increased
occurrence like cluster 32 for Duroc and 34 for Pietrain. Additionally, some gene
transcripts, originating from one cluster, were working in different pathways. One pathway
compromised various clusters and each cluster had its own expression trend.

Through the following frequency analyses possible key pathways, key clusters and specific
gene transcripts as well as the connection between different clusters and pathways will be
explained. The following subparagraphs illustrate the gene transcripts which had a higher
occurrence per breed in different clusters. These gene transcripts were identified by the

pathway enrichment analysis of clustered RNA-Seq data.

4.4.2.1 Gene transcripts frequency for Duroc

The pathways phagosome and endocytosis were related to cluster 32. These pathways
implied the same gene transcripts like SLA-5, SLA-7, TFRC as well as RABSC. The
pathways phagosome, rheumatoid arthritis and oxidative phosphorylation of cluster 32
included the same genes like ATP6V1B2, ATP6VIF and ATP6VIEl. SLA-DRB1 was
presented in the pathways phagosome and rheumatoid arthritis in cluster 32. Cluster 34
revealed pathways like phagosome and focal adhesion, in these both pathways ITGB1 and
ITGAS were involved. The gene transcript VEGFA was found in cluster 34 in the
pathways rheumatoid arthritis and focal adhesion. Cluster 33 included the gene transcript
LOC100153940 which was involved in the pathways phagosome as well as in focal
adhesion. The gene transcripts ITGB2, SLA-DQB1, SLA-DRA and SLA-DQAI1 were
found in the pathways phagosome and rheumatoid arthritis in cluster 30. The cluster 25
comprised the pathways rheumatoid arthritis and endocytosis and the gene transcript FLT1
had a function for both. For the pathways rheumatoid arthritis and phagosome in cluster 25
three gene transcripts TLR2, TLR4 and SLA-DMB were identified. SEC61A1 and
SEC61B were involved in the protein processing in endoplasmic reticulum and in the
phagosome pathways in cluster 32 and 31. LOC733646, ATP6VIGI, ATP6VICI,
ATP6VODI1 and TCIRG1 were present in the phagosome and oxidative phosphorylation

pathways in cluster 31.
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4.4.2.2 Gene transcripts frequency for Pietrain

In cluster 33 for the pathways phagosome and oxidative phosphorylation the gene
transcripts LOC733646, ATP6V1G1, ATP6VICI1, ATP6VIF and TCIRG1 were found.
For the same cluster the genes SEC61B and SEC61G were identified in the pathways
phagosome and protein processing in endoplasmic reticulum. The pathways phagosome
and endocytosis included following five common gene transcripts: SLA-2, SLA-6, SLA-7
and EEA1, RABSC in cluster 34. In the same cluster the gene transcript SEC61A1 was
identified in the pathways phagosome and protein processing in endoplasmic reticulum.
The gene transcripts ATP6VIE], ATP6VIB2 and ATP6VODI existed in the pathways
phagosome and oxidative phosphorylation in cluster 34. For cluster 35 phagosome and
rheumatoid arthritis pathways the frequency analysis showed two gene transcripts: CTSL
and ATP6VOC. The pathways phagosome and protein processing in endoplasmic reticulum
pathways compromised the gene transcript CANX. Focal adhesion and rheumatoid arthritis
had one common gene transcript per cluster: in cluster 29 VEGFB, in cluster 35 C-JUN
and in cluster 36 VEGFA. The pathways focal adhesion and phagosome in cluster 36
included the gene transcripts ITGB1, ITGAS and LOC100153940. ACTB and THBS1

were involved in both pathways in cluster 37.

4.4.2.3 Comparison of Duroc and Pietrain gene transcript frequency analysis

The comparison of the gene transcripts analysis between the two breeds showed that for
Duroc and Pietrain the following common elements existed with a high pathway
frequency: LOC733646, ATP6V1GI1, ATP6VICI, ATP6VIF and TCIRGI, SEC61B,
SEC61A1, ITGBI, ITGAS as well as VEGFA. The gene transcripts SLA-7 and RAB5C
were found in the same pathways endocytosis and phagosome for both breeds. The gene
transcripts ATP6V1B2, ATP6VIF and ATP6V1EI1 were detected for Duroc and Pietrain in
the same pathways phagosome and oxidative phosphorylation. Furthermore
LOC100153940 was also found for Duroc and Piertain in same pathways focal adhesion
and phagosome.

There was no uniform regulation of the gene transcripts, due to the fact that the gene
transcripts of one pathway had their origin in different clusters. So each pathway consisted

of different gene transcripts which had various expression trends after PRRSV infection.
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The following three pathways: phagosome, oxidative phosphorylation and endocytosis
stood out because of their high common gene transcript frequency and can be declared as
key pathways. In combination with the above mentioned key clusters of Pietrain (cluster
34) and of Duroc (cluster 32) and the detected accordance to specific gene transcripts let to

identify a kind of parallelism and homology in the response to PRRSV for both breeds.
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4.5 Differentially expressed gene transcripts after RNA-Sequencing

In order to determine the effect of PRRSV infection on the porcine lung DCs
transcriptome, pairwise comparisons were performed between non-infected cells (0 h) and
PRRSYV infected cells (3, 6, 9, 12, 24 hpi) per breed. Based on the RNA-Seq analyses, the
temporal expression profile of Pietrain and Duroc lung DCs (compare experimental design
II, Figure 7) was presented in two categories: the first category contained differentially
expressed genes with a p < 0.05 and FDR of 10 %, the second category presented gene
transcripts with a p < 0.05 and FDR over 10 %. The expression of 4472 gene transcripts
varied (p < 0.05) in PRRSV infected lung DCs. The gene expression of 170 genes in total
varied (p < 0.05, FDR 10 %) in Pietrain PRRSV infected lung DCs. Among them 133
exhibited a down-orientated (Figure 21) and 37 genes an up-orientated (Figure 22) gene
expression. For PRRSV infected Duroc lung DCs, 228 differently expressed (p < 0.05,
FDR 10 %) gene transcripts were identified. 41 gene transcripts showed a down-regulated

(Figure 21) and 187 an up-regulated (Figure 22) expression trend.
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Figure 21: Number of down-regulated Duroc and Pietrain lung DCs gene transcripts
during the course of infection with PRRSV (3, 6, 9, 12, 24 hpi)
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At the early stage of infection (3 hpi) Pietrain lung DCs showed a smaller number of
down-regulated gene transcripts, followed by an extreme increase till 24 hpi. Duroc

infected lung DCs showed a contrary development.
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Figure 22: Number of up-regulated Duroc and Pietrain lung DCs gene transcripts
during the course of infection with PRRSV (3, 6, 9, 12, 24 hpi)

At the early stage of infection (3 hpi) Duroc lung DCs showed a high up-regulation,
followed by an extreme reduction of the gene expression till 24 hpi. Pietrain infected lung

DCs varied slightly in their up-regulated expression.

There was a remarkable increase of down-regulated immune gene transcripts (CXCL2, IL-
6, IL-1B, TNF, CCLA4, IL-1a, SLA-DRA, CCL3L1, CCL23, CCL20) visible of Pietrain
infected lung DCs at 9 hpi to 24 hpi (Figure 21). Once more, differences between the two
breeds Pietrain and Duroc could be observed. For infected Duroc lung DCs a notable
decrease of up-regulated immune gene transcripts (CCL4, CXCL2, IL-1p, CXCL10, and
CCLS) at 3 hpi to 24 hpi was detected (Figure 22).

There were remarkable different reactions to PRRSV infection for the two breeds. The
time point 9 hpi could be considered as a turning point of the expression trends of both

breeds.
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4.6  Validation of RNA-Sequencing data

Ten gene transcripts (compare chapter 3.2.11, Table 3) were selected to validate the results
of RNA-Seq and to confirm the importance of key pathways, involved in the immune
response to PRRSV infection. The genes were carefully selected from the results of RNA-
Seq data set. Eight out of ten gene transcripts are presented in this chapter. Additional
graphs can be found in the appendix (Figure A6, A7, AS8).

The measurements were done with non-pooled lung DCs, non-pooled trachea epithelial
cells and pooled PAMs (compare experimental design II, Figure 7) for all time points. The
analyses were performed on the basis of a pairwise expression comparison between non-
infected (0 h) and PRRSV infected (3, 6, 9, 12, 24 hpi) cells. For a better understanding
these analyses comprised the temporal expression course of pooled lung DCs, done by
RNA-Seq, and the expression profile of different respiratory cells as described above,
measured by real-time PCR. The time point 24 hpi of Duroc lung DCs could not be

analyzed.

4.6.1 Interleukin-6

The inflammatory cytokine interleukin-6 (IL-6) displayed in the RNA-Seq analysis an
altered (p < 0.05, FDR 10 %) expression profile at 12 hpi in Pietrain lung DCs. Even at 3,
6, 9 and 24 hpi for Pietrain and at 12 hpi for Duroc IL-6 represented reduced expression
trends (p < 0.05) in comparison to non-infected lung DCs at 0 h (Figure 23, A). The
expression results of the real-time PCR analysis of lung DCs were characterized by a
down-regulation of the gene expression in infected Duroc cells at 12 hpi in comparison to
O h (p<0.05) and to 6 hpi (p < 0.01). The same trend was visible for Pietrain lung DCs by
comparing 0 h with 24 hpi (p < 0.001) as well as 9 hpi with 24 hpi (p < 0.05) (Figure 23,
B). The expression profile of PAMs presented another expression course in contrast to
infected lung DCs and trachea epithelial cells (Figure 23). The expression profile of lung
DCs (p < 0.1) and trachea epithelial cells (p < 0.001) showed a global breed difference

across all time points which was measured by real-time PCR (Figure 23, D).
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Figure 23: Gene expression profile of IL-6 in infected and non-infected lung DCs,

detected by RNA-Seq (A) and by real-time PCR (B), gene expression
profile of IL-6 in infected and non-infected PAMs, detected by real-time
PCR (C) and gene expression profile of IL-6 in infected and non-infected
trachea epithelial cells, detected by real-time PCR (D) of Pietrain (black
line) and of Duroc (red line). All measurements were done at O h and at 3, 6,
9, 12, 24 hpi

4.6.2 Chemokine (C-C motif) ligand 4

The chemokine (C-C motif) ligand 4 (CCL4) was differently expressed with a higher
expression trend in Duroc lung DCs at 3 and 6 hpi (p < 0.05, FDR 10 %) and a reduced
expression level at 9 and 24 hpi (p < 0.05). In contrast, CCL4 represented a lower
expression level between non-infected Pietrain lung DCs in comparison to the expression
measured at 6, 9 and 12 hpi (p < 0.05) as well as at 24 hpi (p < 0.05, FDR 10 %) (Figure
24, A). The results, recorded through the real-time PCR, showed no statistical differences.
Once more the expression profile of infected PAMs exhibited a different expression trend

in comparison to infected lung DCs and trachea epithelial cells (Figure 24).
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Figure 24: Gene expression profile of CCL4 in infected and non-infected lung DCs,
detected by RNA-Seq (A) and by real-time PCR (B), gene expression
profile of CCL4 in infected and non-infected PAMs, detected by real-time
PCR (C) and gene expression profile of CCL4 in infected and non-infected
trachea epithelial cells, detected by real-time PCR (D) of Pietrain (black
line) and of Duroc (red line). All measurements were done at O h and at 3, 6,
9, 12, 24 hpi

4.6.3 Chemokine (C-X-C motif) ligand 2

In the results of RNA-Seq the chemokine (C-X-C motif) ligand 2 (CXCL2) represented an
altered (p < 0.05, FDR 10 %) expression profile at 12 and 24 hpi in Pietrain lung DCs.
Changes of the expression trend were also visible (p < 0.05) at 3, 6, and 9 hpi with a
continuously reduced expression level. During this period (3, 6, 9 hpi) in Duroc samples
the expression trend of CXCL2 increased in comparison to time point 0 h (p < 0.05)
(Figure 25, A). The expression profile of lung DCs showed a global breed difference
across all time points (p < 0.01) which was measured by real-time PCR (Figure 25, B). No
further statistical differences were observed for CXCL2 in real-time PCR lung DCs,
trachea epithelial cells and PAMs (Figure 25).
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Figure 25: Gene expression profile of CXCL2 in infected and non-infected lung DCs,
detected by RNA-Seq (A) and by real-time PCR (B), gene expression
profile of CXCL2 in infected and non-infected PAMs, detected by real-time
PCR (C) and gene expression profile of CXCL2 in infected and non-
infected trachea epithelial cells, detected by real-time PCR (D) of Pietrain
(black line) and of Duroc (red line). All measurements were done at O h and

at 3, 6,9, 12, 24 hpi

4.6.4 SLA-DRA MHC class II DR-alpha

The expression profile of SLA-DRA MHC class II DR-alpha (SLA-DRA) was down-
regulated in Pietrain lung DCs at 24 hpi (p < 0.05, FDR 10 %). For time point 6 and 12 hpi
it represented also a reduced expression level (p < 0.05) in contrast to non-infected cells
(Figure 26, A). The results of infected trachea epithelial cells showed expression
differences between 3 and 9 hpi (p < 0.05) as well as between 3 and 12 hpi (p < 0.05) for
the breed Duroc (Figure 26, D). The expression profile of trachea epithelial cells showed a
global breed difference across all time points (p < 0.1) which was measured by real-time
PCR (Figure 26, D).
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Figure 26: Gene expression profile of SLA-DRA in infected and non-infected lung
DCs, detected by RNA-Seq (A) and by real-time PCR (B), gene expression
profile of SLA-DRA in infected and non-infected PAMs, detected by real-
time PCR (C) and gene expression profile of SLA-DRA in infected and
non-infected trachea epithelial cells, detected by real-time PCR (D) of
Pietrain (black line) and of Duroc (red line). All measurements were done at
Ohand at 3, 6,9, 12, 24 hpi

4.6.5 Janus kinase 2

The expression of Janus kinase 2 (JAK2) was down-regulated in Pietrain lung DCs at 12
and 24 hpi (p < 0.05), represented in the RNA-Seq data (Figure 27, A). The expression
profile of lung DCs showed a global breed difference across all time points (p < 0.1) which
was measured by real-time PCR (Figure 27, B). Once more the expression profile of
infected PAMs exhibited a different expression trend in comparison to infected Pietrain
lung DCs and trachea epithelial cells. But Duroc PAMs showed between 12 to 24 hpi a

similar expression course in comparison to lung DCs, measured by RNA-Seq (Figure 27).
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Figure 27: Gene expression profile of JAK?2 in infected and non-infected lung DCs,
detected by RNA-Seq (A) and by real-time PCR (B), gene expression
profile of JAK?2 in infected and non-infected PAMs, detected by real-time
PCR (C) and gene expression profile of JAK?2 in infected and non-infected
trachea epithelial cells, detected by real-time PCR (D) of Pietrain (black
line) and of Duroc (red line). All measurements were done at O h and at 3, 6,
9, 12, 24 hpi

4.6.6 MHC class I antigen 1, CD86 and IFNp1

The gene expression profiles of MHC class I antigen 1 (SLA-1) (compare chapter 8, Figure
A6) represented a global expression difference between the two breeds Pietrain and Duroc
in lung DCs (p < 0.001) and in trachea epithelial cells (p < 0.001).

The expression profile of CD86 of lung DCs showed a global breed difference across all
time points (p < 0.01) which was measured by real-time PCR (compare chapter 8, Figure
AT).

The IFNB1 (compare chapter 8, Figure A8) expression profile of infected lung DCs
exhibited a different expression trend in comparison to infected PAMs and trachea
epithelial cells. The graphs per gene transcript and respiratory cell line are arranged in the
appendix (Figure A6, A7, A8).
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4.6.7 Cell-type dependent expression trends

For most of the gene transcripts the expression courses of infected PAMs increased in
comparison to the expression trends of lung DCs. The following gene transcripts showed
these trends: IL-6, CCL4, JAK2, CD86 and IFNP1. It was also possible to observe
increased gene expression characteristics for IL-6, JAK2, CD86 and IFNB1 in comparison
to PAMs and trachea epithelial cells. The genes SLA-DRA and CXCL2 represented breed
differences in the expression trends of PAMs. CXCL2 showed for Pietrain PAMs an
increased but for Duroc PAMs a decreased expression trend. These results exhibited once
more for Pietrain PAMs a different expression trend of SLA-DRA and CXCL2 in
comparison to Pietrain lung DCs.

Trachea epithelial cells also varied in their expression trends. CXCL2 Duroc trachea
epithelial cells showed a reduced expression tendency. For Pietrain the expression trend of
CXCL2, CCL4 and IFNBI1 switched between a decreased and an increased expression
course. At 24 hpi CXCL2 showed for Pietrain a reduced expression tendency and for the
gene CCL4 as well as for IFNB1 an increasing expression trend. At an early infection time
point (3 hpi) CCL4 represented an increasing expression trend for Duroc. An immense
decrease followed from 3 hpi to 6 hpi but from 12 hpi to 24 hpi an increasing expression
tendency was visible. For trachea epithelial cells IL-6 and SLA-1 showed an uniform
expression course for both breeds. In different gene expression scenarios the expression
trends of trachea epithelial cells differed to the expression trends of PAMs.

It is a notable fact that changes of the gene expression arose at certain time points which
could be declared as turning points of the expression trend. In general these turning points
appeared 3 h earlier for Duroc than for Pietrain, often at 3 hpi and 6 hpi for Duroc and at 9
hpi for Pietrain. These scenarios could be detected for lung DCs, PAMs and trachea
epithelial cells.

In summary, there were cell-type dependent variations in the expression profiles of 1L-6,
CCL4, JAK2, CD86 and IFN1 visible. For these genes PAMs showed remarkable
differences in the expression profiles in comparison to lung DCs and trachea epithelial

cells.
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5 Discussion

The immune responses of pigs to a PRRSV infection are characterized by weak immune
reactions. The virus itself has multiple strategies to evade and modulate the host immune
response (Beura et al. 2010, Chen et al. 2010, Genini et al. 2008, Li et al. 2010, Wang et al.
2013). The ineffective immune reaction results in persistently infected pigs and induces
high economical costs for the pig industry worldwide (reviewed by Murtaugh et al. 2002,
reviewed by Zimmerman et al. 2012). Until now, the protective immunity to PRRSV is
still not clear, so the question arises what are the causes and implications of an ineffective
immune response in pigs?

The research group of Miller et al. (2010) gave an important hint: “The character of the
innate immune response to a virus thought to dictate the quality of the adaptive immune
response that ensues.” In the body defence DCs play the role of “gatekeepers” of the
adaptive immune system (reviewed by Stumbles et al. 2003). Their antigen processing and
presentation, their vital aspects in the secretion of inflammatory cytokines ultimately
induct the innate and adaptive immune responses (Schmid et al. 2011). In the antiviral
responses to common respiratory viruses, like influenza and respiratory syncytial virus,
lung DCs play a major role as mentioned in the review of Grayson and Holtzman (2007).
In a review the authors Rodriguez-Gomez et al. (2013) mentioned an interaction between
PRRSV infection and APCs which results in a decreased expression of MHC II, of
CD80/CD86 or even both of them. The consequence is an inaccurate or a non-effective
immune response. Rodriguez-Gomez et al. (2013) concluded that all their reviewed studies
“[...] lack of the co-localization of PRRSV and the molecule involved in.”.

The above mentioned investigations show a selected part of the scientific genesis to the

aims of this thesis and underline the actuality and necessity of the study, performed here.

The structure of the discussion follows the outline of the result section (compare chapter
4), within each paragraph a comparison between current publications (researches and

reviews) and own findings will be presented and discussed critically.
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5.1 Respiratory cells and their phenotypic characterization

In order to obtain an accurate mirroring of the processes which are going on in pigs post
PRRSYV infection in vivo, primary cell lines were infected for in vitro studies (reviewed by
Mercer and Greber 2013). Loving et al. (2007) observed a low expression of the co-
stimulatory molecules, CD80 and CD86, this low expression is characteristic for immature
DCs (Murphy et al. 2008).

For the present study, relating to the virus cell tropism, lung DCs and PAMs as well as
trachea epithelial cells were selected. Flow cytometric analysis helped to characterize lung
DCs and PAMs, based on their surface receptor nature. The lung DCs phenotypes were
characterized by CDl11c*, CD80"Y, CD86" and CD40" occurrences. The results,
concerning the low expression of CD80 and CD86, showed an accordance with the
findings of Loving et al. (2007).

Soudi et al. (2013) mentioned that the phagocytosis assay provides a possibility to detect
different genetic background effects on phagocytosis. These authors analyzed the
phagocytosis activity of macrophages of two different mice populations, BALB/c and
CS57BL/6. Their results showed that C57BL/6 mice had a greater phagocytic capacity than
BALB/c ones, stimulated with the same LPS treatment. Soudi et al. (2013) indicated that
macrophages with different genetic backgrounds respond with different kinetics and with
different capacities.

In the present study the different genetic background had an effect on the phagocytosis
activity of two pig breeds (compare chapter 4.1.3). The respiratory cells were stimulated
with LPS treatment. The breed dependent differences appeared between Pietrain and Duroc
PAMs and lung DCs. Pietrain stimulated lung DCs and PAMs had a relative higher
phagocytic capacity than stimulated lung DCs and PAMs of Duroc. These results indicated
that PAMs and lung DCs with different genetic backgrounds respond to the same stimuli
with different phagocytic capacities. Regarding these phagocytosis capacities and
considering the results of Soudi et al. (2013), genetic effects on the phagocytosis capacity
could not only be found for two mice populations but also here for two pig breeds.

PRRSV and some other viruses are able to repress host cell apoptosis and to facilitate mass
viral replication (Sieg et al. 1996, Xiao et al. 2010b, reviewed by Zhou and Zhang 2012).
The results, concerning the host cell apoptosis, are described in different studies. Costers et
al. (2008) reported about an early stimulation of anti-apoptotic pathways in macrophages

post PRRSV infection. Xiao et al. (2010b) detected an up-regulated expression of anti-
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apoptotic genes and a down-regulated expression of some pro-apoptotic genes. Jiang et al.
(2013) found and described one of the major reactomes of PAMs post PRRSV infection as
cell growth and cell death. Additionally, there was a particularly minimized pathway
function of anti-apoptosis. Similar results were presented in the study of Badaoui et al.
(2014) with a strong activated death/survival biological function.

In the present study the cell viability of respiratory cells was tested post PRRSV infection.
The cell viability of infected PAMs showed no fluctuations over all infection time points.
PRRSYV infected lung DCs and trachea epithelial cells had a lower cell viability at 12 hpi
than at 6 hpi.

These aspects let estimate that PRRSV has a temporal effect on the cell viability of lung
DCs and trachea epithelial cells at 12 hpi.

5.2  Cytokine profiling

Infection of DCs induces the production of cytokines, intercellular messengers. They are
important for the regulation of intracellular signaling events and for the activation of the
innate and the adaptive immune response (Tizard 2013). But PRRSV has developed
various strategies to modulate the host immune response (Beura et al. 2010, Chen et al.
2010, Genini et al. 2008, Li et al. 2010, Wang et al. 2013).

Some authors discussed that PRRSV may modulate the innate immune response by
altering cytokine patterns of macrophages and DCs (Genini et al. 2008, Loving et al. 2007,
Miller et al. 2010, Xiao et al. 2010b). Park et al. (2008) detected increasing cytokine
concentrations of TNF-o and IL-12 between 24 hpi and 48 hpi. The cytokine
concentrations of PRRSV infected DCs were higher at all time points than the cytokine
secretion of UV-inactivated PRRSV infected DCs. In the literature the expression of TNF-
a in PRRSV infection is described contrarily. On the one hand TNF-a was activated in
PAMs (Genini et al. 2008, Thanawongnuwech et al. 2004) and in lung tissue samples
(Xiao et al. 2010b), on the other hand a significant reduction of TNF-o had been detected
in infected T cell subsets of monocyte cultures (Charerntantanakul et al. 2006). They also
found a significant reduction of IFN-y after PRRSV infection. Furthermore they described
a different cell susceptibility to PRRSV where monocyte-derived macrophages were
significantly more susceptible to PRRSV, more than monocytes and more than immature
MDDCs. Post PRRSV infection cell-type dependent differences in cytokine levels were
also detected by Gimeno et al. (2011).
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Pro-inflammatory and pro-immune cytokines which were investigated in the present study
have different functions.

IL-8 (CXCLS) activates lymphocytes and basophiles. It is involved in neutrophil
chemotaxis, these phagocytic cells play a major role in the defence of a host against
infections (Badaoui et al. 2014, Petry et al. 2007, Tizard 2013).

IL-1pB is one of the most critical mediators of inflammation and of the host response to
infections (Abbas et al. 2012).

TNF-a is a mediator of the acute inflammation response with similar biological activities
as IL-1 (Abbas et al. 2012, Murphy et al. 2008). It has a stimulating effect on cells to
produce acute-phase proteins, on the recruitment of neutrophils (Murphy et al. 2008).
IFN-y is important in early host defence against infections and it controls many distinct
cellular programs over the signaling with a large number of genes. It acts locally in the cell
self-activation and in the activation of nearby cells. IFN-y increases MHC class I and MHC
class II molecules and the antigen presentation (Kindt et al. 2007). Additionally, it has the
ability to synergize or to antagonize effects of cytokines. Its production is controlled e.g.
by cytokines which were secreted by APCs, most notably by 1L-12 and IL-18, mentioned
in the review of Schroder et al. (2004).

IL-12p40 synthesis is stimulated by PRRs and by IFN-y. IL-12 is secreted by DCs during
the antigen presentation to naive T cells which will differentiate into Tyl subset of helper
T cells (Abbas et al. 2012).

In the present study the secretion levels of TNF-a and IFN-y were lower in comparison to
the levels of IL-8 and IL-1fB. Furthermore, the cytokine concentrations varied between
Pietrain and Duroc and there were concentration differences between the three respiratory
cell lines. The cytokine concentrations of IFN-y, IL-1p and IL-8 were higher for Pietrain
lung DCs than the concentrations for Duroc lung DCs, PAMs and trachea epithelial cells
(compare chapter 4.2).

The understanding of the modified cytokine secretions, of the above mentioned gene
functions and of the previously described relations between PRRSV infection and
cytokines (Genini et al. 2008, Loving et al. 2007, Miller et al. 2010, Xiao et al. 2010b)
helped to interpret the results of the present study. Weak activated cytokines do not have
enough power to stimulate or to activate the following gene signaling cascade in a
markedly effective way. In the present study weak TNF-o and IFN-y cytokine secretions
were observed, this led to a reduced cell self-activation and to a reduced activation of

nearby cells. Ineffective cytokine activation provides a lack of increased transcription of
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cytokine and chemokine genes which are needed to develop a protective immune response
to PRRSV infection.

In the present study the cytokine mRNA expression was performed over all infection time
points (compare chapter 4.2). The expression profiles of IL-8 and IL-1 varied within each
respiratory cell line and between lung DCs, PAMs and trachea epithelial cells. As
mentioned above, IL-1p and IL-8 had a high secretion at 9 hpi. This was the time point
where the cytokine expression trend changed, a decurrent expression trend for lung DCs
followed. Different results were identified for IL-1p and IL-8 mRNA expression profiles of
infected PAMs. There were upward trends visible in both expression courses. It can be
estimated that there might be higher cytokine concentrations of PAMs after 9 hpi. For
PAMs the turning point of the gene expression was at 3 hpi, for lung DCs at 6 hpi. The
PRRSYV infection resulted in a down-orientated expression trend for lung DCs and in an

up-regulated one for PAMs.

In the present study the previous observed cell-type dependent differences of the cytokine
secretion were confirmed by the cytokine mRNA expression. The cell-type responses to
PRRSV showed that there were different cell-type susceptibilities to PRRSV in the

investigated time frame.

5.3  Transcriptome profiling post virus infection

The latest technology was used to characterize transcriptional changes after PRRSV
infection in lung DCs of two different pig breeds.

The sequencing technology is based on the detection of counts of transcripts and measures
the overall gene expression profile, so this measurement exceeds the measurement of
probes on an array (Marioni et al. 2008). This new technology makes it possible to identify
large amounts of gene transcripts and different signaling cascades that are affected by
PRRSV infection. In Table 6 different studies were listed which were done with

microarray approaches and with next generation sequencing (NGS) post PRRSV infection.
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Table 6: Microarray and sequencing approaches post PRRSV infection
Technology Tissue/cell-type Breed and animal no References
Microarray PAMs Rattlerow-Seghers genetic Genini et al. (2008)
line (n=6)
Microarray PAMs Tongcheng boars Zhou et al. (2011a)
(a Chinese indigenous
breed) (n=3 uninfected
and n=3 infected)
Microarray PAMs Landrace (n=3), Ait-Ali et al. (2011)
Pietrain (n=3)
NGS Lung tissues LandracexY orkshire Xiao et al. (2010b)
(n=9)
SAGE* PAMs Breed unpublished (n=3) Miller et al. (2010)
SAGE* PAMs Breed unpublished (n=3) Jiang et al. (2013)
NGS PAMs Piglets (n=3) from JSR Badaoui et al.

Genepacker 90 English:
LandracexLarge White

and Pietrain boars

(2014)

SAGE*= Serial Analysis of Gene Expression

In previous studies (Table 6) the new technology was used for the investigation of PAMs

and lung tissues, in the present study it was utilized to get the temporal (O h, 3, 6, 9, 12, 24

hpi) transcriptome profile of PRRSV infected lung DCs of two different breeds. With

RNA-Seq it was possible to extract an amount of 20,396 porcine predicted gene transcripts

which were further analyzed on different ways, using various biotechnological tools and

software packages (compare chapter 3.2.13).

The costs for the transcriptome profiling are high but the output is extremely efficient

(reviewed by Khatoon et al. 2014). Beside the transcriptome profiling new statistical

methods were developed to analyze the RNA-Seq data of no replicated samples (Jungsoo

and Taesung 2012, Wu and Wu 2013). These methods support the investigations of

transcriptome profiles of exceptional, infrequent and rare samples (Tang et al. 2009).
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5.3.1 Virus replication

Loving et al. (2007) described that PRRSV did not show any replication in lung DCs.
These authors concluded that PRRSV is able to utilize lung DCs without a viral
replication.

In the present study the alignment analyses after NGS were done with the LV strain
complete genome (compare chapter 3.2.13), to detect the virus replication in lung DCs.
The investigations showed that LV was able to infect lung DCs and to replicate there
(compare chapter 4.3). These results are in contrast to those of Loving et al. (2007). A
possible cause for these different results may be the application of various virus strains in
both studies.

The results showed breed differences, related to the measured viral read amounts. First the
PRRSYV replication was extremely increased in Pietrain lung DCs until 12 hpi. But for the
same time period the virus replication in Duroc lung DCs was very low. The viral amount
decreased for Pietrain lung DCs until 24 hpi. But with a big difference, the replication of
PRRSYV significantly rose for Duroc until 24 hpi. Once more the differences between the
two pig breeds were visible (compare chapter 5.2), the detected amounts of viral read
counts in lung DCs varied between Duroc and Pietrain. For both breeds two time points
were important, for Pietrain 12 hpi and for Duroc 9 hpi. It can be supposed that at these
two different time points, important molecular changes in the cells appeared so that the
virus replication for Pietrain decreased until 24 hpi and extremely increased for Duroc till
24 hpi.

Estimations for these different reactions could be that PRRSV modulates an early
apoptosis reaction of lung DCs of Pietrain and that for Duroc modulations of the immune
response happen later. Concerning the virus replication at the fist time points, Duroc lung

DCs reacted more effectively than Pietrain lung DCs during this period of infection.
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5.4  Cluster analyses of RNA-Sequencing data

Cluster analyses were performed, to separate the data clearly, according to their similar
expression patterns. These results allowed to identify different attributes on the detected
transcriptome profiles. Clustering approaches are effective and helpful tools to explain the
temporal expression profiles of thousands of gene transcripts and allow furthermore to
characterize the genes' role during the observed process (Ma and Zhong 2008). With a
transcriptional dataset of pre- and peri-implantation-stage of bovine conceputses, Mamo et
al. (2011) performed nine gene clusters which were different in their expression patterns.
These nine clusters reflected clearly the transcriptional changes during the development
stages.

In the present study 37 clusters for Pietrain and 35 clusters for Duroc were identified from
20,396 porcine predicted gene transcripts (compare chapter 4.4). Each cluster arose, due to
the fusion of different transcriptome profiles which had developed during the infection
period. Derived from the same number of genes and analyzed, using the same statistical
method, it is remarkable that the number of clusters for both breeds was nearly the same
(Pietrain 37/ Duroc 35).

The following functional analyses were necessary in order to understand the possible viral
influences on the gene expression and to understand the interplay of the virus with the host

immune response.

5.4.1 Functional analyses of clustered gene transcripts

The analyses of this transcriptome data, regarding the pathway enrichment, allow the
description of biological functions of the clustered gene transcripts.

Jiang et al. (2013) found differentially expressed genes in PRRSV infected PAMs. They
presented an overview of functional pathways and the reactomes of PAMs. Their results
consisted of a composite dataset of three different databases. The authors classified their
data in six functional systems, including cellular processes, genetic information processing,
environmental information processing, metabolism, organismal systems and human
diseases.

Badaoui et al. (2014) investigated the response of PAMs after infection with two different
strains of PRRSV. For their investigations they used canonical pathways, biological

functions and individual genes. The authors identified the cell death/survival as a very
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strongly activated biological function post infection with the strain LV in comparison to
the Lena strain.

The present study is the first comprehensive one that showed the involved pathways post
PRRSYV infection in lung DCs and characterized the functional background. The main
biological functions of Pietrain and Duroc were performed in a “Top 10 list” (compare
chapter 4.4.1 and 4.4.2). Four of these pathways dominated the frequency analyses,
phagosome, rheumatoid arthritis, focal adhesion and protein processing in endoplasmic
reticulum. Additionally, three pathways: phagosome, oxidative phosphorylation and
endocytosis stood out because of their high common gene transcript frequency for both
breeds. They can be designated as key pathways. Beside these key pathways, the functional
analyses made it possible to detect a key cluster for each breed, cluster 34 for Pietrain and
cluster 32 for Duroc.

During the virus entry the endocytic pathway is used, the receptor mediated endocytosis
might be a common entry route for arteriviruses (Nauwynck et al. 1999).

The importance of the phagocytosis pathway for the virus-host interplay was also
mentioned by De Baere et al. (2012). They detected that the European genotype PRRSV
inhibited the phagocytosis of PAMs at an early stage of the virus entry.

Chen et al. (2010) indicated that the viral NSP1B inhibits the phosphorylation and the
activation of the STAT1 in JAK-STAT signaling pathway. Through their findings they
highlighted the importance of the JAK-STAT signaling pathway for the virus-host
interplay.

The key pathways of the present study are different to those of earlier studies, mentioned
above. The key pathways here are related to functional tasks of DCs and play important
roles in the virus-host interplay, like phagocytosis, endocytosis and rheumatoid arthritis as
well as JAK-STAT signaling pathway. Lung DCs, PAMs and trachea epithelia cells
presented a good phagocytosis effect after LPS stimulation (compare chapter 4.1.3).

In order to get a better understanding of the virus-host interaction, it could be helpful to
investigate the interplay of the genes of the key clusters with the key pathways. A selection
of genes of the above mentioned pathways are discussed next.

Genes of the v-ATPase complex facilitate the entry of enveloped viruses and bacterial
toxins, they play roles in the proton transport and are involved in the acidification of
endosomes and in the intracellular transport (Hinton et al. 2009). Zhou et al. (2011a)
detected the gene ATP6V1B2 in their study with Tongcheng piglets. ATP6V1B2 was up-
regulated in PAMs after infection with the HP-PRRSV WUH3 strain.
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In the present study for both breeds several genes of the v-ATPase complex stood out
(ATP6VI1GI1, ATP6VICI1, ATP6VIB2, ATP6VIF and ATP6VI1EL).

The gene transcripts SEC61B and SEC61A1 were also detected in the present study. This
gene group belongs to the ER-resident multimeric protein complex (Abada et al. 2012).
They concluded that the gene SEC6I modulates the cytotoxicity of many
chemotherapeutic agents and is sensitive to the cytotoxic effects of platinum-containing
drugs.

SLA-7 was found in the present study, too. This gene is related to the swine major
histocompatibility complex, especially to the non classical MHC class Ib genes. These
genes seem to be good candidates for investigations of species-specific immunity-related
roles. Further studies are necessary to explain the functional skills of SLA-7 (Hu et al.
2011).

All the just mentioned genes of the present study play, according to their functions — virus
entry, drug performance and species-specific immunity — important roles for the health
care. This way of transcriptome analyses post PRRSV infection identified a kind of
parallelism and homology of both breeds with regard to the detected key pathways, key

clusters and the above mentioned genes.
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5.5 Differentially expressed gene transcripts post infection

Genini et al. (2008) and Ait-Ali et al. (2011) reported that already in a short period of time
(within 24 h) post virus infection, remarkable reactions can be observed in pigs' cells. Both
described that the first 8 - 10 hpi built the critical time frame. Ait-Ali et al. (2011)
interpreted this time as critical when PRRSV evades the host responses and enhances its
own chances for virus growth. Genini et al. (2008) mentioned the effect of PRRSV
infection after 3 and 6 hpi with a consistent down-regulation of genes, followed by the start
of innate immune responses at 9 hpi.

The present study is one of the first investigations to generate comprehensive analyses of
PRRSYV infected lung DCs of two different breeds at various time points. The results
delivered transcriptions of genes which altered through PRRSV infection. An early host
transcriptional variation was measured during the PRRSV infection (3 - 24 hpi). At the
beginning of the infection of Duroc (3 hpi), there was a high up-regulation and next an
extreme reduction of the gene expression till 24 hpi. Pietrain infected lung DCs varied
slightly in their up-regulated expression, but the number of down-regulated genes
increased extremely till 24 hpi. Duroc infected lung DCs showed a contrary course with
their down-regulated gene expression in comparison to Pietrain. The increasing down-
regulated gene transcripts of Pietrain infected lung DCs from 9 hpi to 24 hpi included
important immune genes like CCL4, CXCL2, IL-1B, IL-6, TNF, IL-la, SLA-DRA,
CCL3L1, CCL23 and CCL20. The decreasing up-regulated gene transcripts of Duroc lung
DCs between 3 hpi and 24 hpi also contained important immune genes like CCLA4,
CXCL2, IL-1B, CXCL10 and CCLS8 (compare chapter 4.5). It is remarkable that CCL4,
CXCL2 and IL-18 were differently regulated for Pietrain and Duroc. At 9 hpi for the
response to PRRSV, it seems that essential processes happened with drastic changes in the
host expression trends of both breeds.

In the first hpi of PRRSV Genini et al. (2008) observed a down-regulation of genes,
followed by the start of innate immune responses at 9 hpi. Ait-Ali et al. (2011) also
described an early host response to PRRSV. They detected a large number of differently
expressed transcripts for infected PAMs between O h and 8 hpi. These observations were
followed by a reduction of up- and down-regulated gene transcripts between 12 to 30 hpi
for the breeds Landrace and Pietrain. They responded identically to PRRSV but the

amounts of regulated genes were higher for Landrace than for Pietrain at all time points.
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In contrast to the above mentioned gene regulations of Landrace and Pietrain, in the
present study Duroc and Pietrain responded differently to PRRSV infection in their up- and
down-regulation of gene transcripts, breed differences were visible. Concerning the up-
and down-regulated expression courses of the above investigated genes, it seems that
Duroc lung DCs reacted better than Pietrain lung DCs during the first 24 hpi, regarding the

immune response.

5.5.1 Virus-host interaction

The following Figure 28 shows a scheme of the virus-host interaction.
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Figure 28: Virus-host interaction. Schema modified, compare Zhou et al. (2011a),
* genes and gene families which were identified by RNA-Seq, + genes

which were validated through real-time PCR

The scheme (Figure 28) and the next sections depict and explain the involved genes of
virus infection and the following gene cascade through the host cells.

Specific cell surface markers are important for the virus entry into the cells. For example
SIGLEC-1/CD169 and HSPG2 are such receptors, as mentioned in chapter 2.1.3 (Delputte
et al. 2002, Duan et al. 1998, Nauwynck et al. 1999). In the present study these two genes

were identified across all investigated time points in both breeds.
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Next the virus is transported to the endosomes (Nauwynck et al. 1999) where it starts its
replication process and is recognized by PRRs, like TLR3 (Liu et al. 2009a) or TLR7/8
(Diebold et al. 2004, Lund et al. 2004) which activate a cascade of gene signaling.

In the present study TLR1 to TLR10 were identified. The amounts of the read counts of
TLR7/8 were extremely low (Figure 28). Further gene transcripts were identified which
play important roles in the gene signaling cascade in the response to PRRSV like MyD88,
IRF3, IRF7, IRAK4, DDX58/RIG-I, MAVS/IPS-1 and RELA/NF-xB (Figure 28) (Zhou et
al. 2011a). They are responsible for the activation of genes like members of the Type I IFN
family (e.g. IFNo, IFN) as well as different cytokines and chemokines (e.g. IL-1p, IL-6,
IL-8, IL-12, TNF-a). Different cytokines and chemokines (e.g. IL-12, IL-6) stimulate the
JAK-STAT-signaling pathway by receptor binding. This pathway activates among others
the expression of IFN-stimulated genes (ISGs) (Figure 28) (Alberts et al. 2008, Kindt et al.
2007, Zhou et al. 2011a).

Some of these genes were analyzed in the present study (compare chapter 4.2 and 4.6) and
discussed in the chapters 5.2 and 5.5.2.

During the viral entry, viral detection and viral replication modulations of DCs surface
molecules appear. Weesendorp et al. (2013) described large modification effects on the cell
surface molecules like CD80, CD86 and MHC class antigens (MHC I and MHC II). These
changes can extremely influence the antigen presentation features of lung DCs which has
an additional impact on the following immune response. In a review Rodriguez-Gomez et
al. (2013) emphasized the impact of PRRSV on APCs. They described the modulation of
DCs' essential surface molecules. Wang et al. (2007) suggested that PRRSV infected DCs
present antigens less efficiently. The authors Park et al. (2008) concluded that PRRSV
infected DCs may be the causes for a weak immune response.

In the present study a down-regulated gene expression profile of the surface molecule
SLA-DRA (MHC class II) was visible in infected Duroc lung DCs. Differences in the
expression trend of infected Duroc trachea epithelial cells were detected. Additionally,
gene expression variations of DCs surface markers CD80 and CD86 implied changes for
the further signaling way.

In the present study CD80 represented lower read counts in comparison to CD86 across all
infection time points for lung DCs for both breeds, whereas no breed differences were
detected for CD80. However, the read counts of CD86 made it possible to suppose a
different expression trend between the two breeds. For Pietrain the read counts of CD86

were remarkable lower than those of Duroc. The breed differences were confirmed through
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the results of the real-time PCR. They also showed a massive expression difference
between the lung DCs of the two breeds Pietrain and Duroc for CD86. These results
support the above mentioned assumption that Duroc performed better in the response to
PRRSYV infection during the first 24 hpi.

The expression trend of SLA-DRA (MHC class II) also showed breed differences. For
Duroc different expression courses (compare chapter 4.6.4) were observed in trachea
epithelial cells and lung DCs as well as in trachea epithelial cells and PAMs. In contrast all

respiratory cell types of Pietrain followed a similar expression course.

5.5.2 Gene signaling post infection

PRRSYV has the ability to escape or to modulate the host immune system by inhibiting key
cytokines and by inducing regulatory cytokines (Genini et al. 2008, Miller et al. 2010, Xiao
et al. 2010a, Xiao et al. 2010b). Cytokines and chemokines play a crucial role in the
immune system. They are able to interact with other immune cells and to induce the
inflammatory and adaptive immune response. Cytokines and chemokines are working as
mediators (Abbas et al. 2012, Alberts et al. 2008).

In the present study modulations of cytokine expressions were visible for the gene
transcripts IL-6, CCL4, CXCL2, IFNB1 as well as for JAK2 (Figure 28). Differences of the
expression profile of the following cytokines and chemokines were observed.

IL-6, an acute inflammatory cytokine, primes B and T cell response against infections. The
IL-6 signaling activates the transcription factor STAT3 and plays an anti-inflammatory
role (Abbas et al. 2012, Kindt et al. 2007, Tizard 2013).

In the present study for both breeds IL-6 represented a down-regulated expression course
in lung DCs but an increased expression trend for PAMs (compare chapter 4.6.1). A global
breed difference was detected for trachea epithelial cells of Pietrain and Duroc, concerning
IL-6 across all time points.

Chemokines constitute a family of at least 50 chemoattractants. They coordinate the
migration of cells and play an important role in selective recruiting of monocytes,
neutrophils and lymphocytes. Chemokines are involved in the course of many
inflammatory and immune responses (Kindt et al. 2007, Tizard 2013).

CCLA4 is an important chemoattractant and plays a role in virus-induced diseases (Chen et
al. 2014, Murphy et al. 2008, Zhao et al. 2007). CXCL2 is a pro-inflammatory chemokine
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and attracts neutrophils as well as T cells (reviewed by Mantovani et al. 2011, Murphy et
al. 2008).

In the present study CCL4 showed a down-regulated expression trend for Duroc and
Pietrain lung DCs but an up-regulated one for PAMs of both breeds. An up-orientated
expression course of Duroc lung DCs and a down-orientated expression trend for Pietrain
lung DCs post PRRSV infection was visible for CXCL2. An opposite trend for CXCL2
was detected for Pietrain PAMs (compare chapter 4.6.2 and chapter 4.6.3). The expression
profile of CXCL2 of lung DCs showed a global breed difference across all investigated
time points.

IFN-a and IFN-f are two major type I interferons. These cytokines play crucial roles in the
response to virus infection or in the immune stimulation (Kindt et al. 2007). They interfere
with viral RNA and with protein synthesis. They are produced by virus infected cells
within few hours post virus invasion. After IFN-a and IFN-B secretion, they bind to
IFNAR and trigger the JAK-STAT signaling pathway (Dimmock et al. 2007, Tizard 2013).
In the present study IFNB1 showed an up-orientated expression course during the first hpi
and a down-orientated expression trend for Pietrain lung DCs at 24 hpi. An extreme
increasing expression trend for IFNB1 was detected for PAMs of both breeds.

The JAK-STAT signaling pathway plays an important role in the immune response. It
works with four known Janus kinases (JAKI1-3, TYK2) and with seven transcription
factors, called signal transducers and activators of transcription (STATI1-4, 5a, 5b and 6)
and depends on a cytokine-mediated activation process (Abbas et al. 2012, Alberts et al.
2008, Kindt et al. 2007). A rapid JAK-mediated phosphorylation of STATSs can be induced
by the binding of IFNs to cell receptors. The gene regulatory protein STATs migrate to the
nucleus and activate the transcription of various genes. The following cytokines and
different hormones can activate JAK-STAT signaling pathways as IFN-y, IFN-a, IL-3 and
the growth hormone (Alberts et al. 2008, reviewed by Shuai and Liu 2003).

In the present study a down-regulation in the expression trend of Pietrain lung DCs was
detected for JAK2 (compare chapter 4.6.5). Especially the down-regulated expression
trend for Pietrain lung DCs from 12 hpi to 24 hpi stood out, the change started already at 9
hpi. The gene expression of Duroc lung DCs passed in a similar way as for Pietrain but the
expression change started already at 6 hpi. An opposite trend for JAK2 was detected for
PAMs (compare chapter 4.6.5).

In the present study a common reduced gene expression trend of the cytokines and

chemokines for lung DCs was visible particularly with regard to 24 hpi. Other expression
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trends could be detected for PAMs as well as for trachea epithelial cells. The orientation of
the expression trends with regard to 24 hpi seemed to be cell-type dependent. There were
more up-orientated gene expression trends of the cytokines and chemokines for PAMs in
comparison to the common down-orientated gene expression trends for lung DCs. For
trachea epithelial cells there was no uniform expression trend visible. Additionally, turning
points of the expression courses appeared 3 h earlier for Duroc than for Pietrain.
Concerning the gene expressions, the investigated Duroc cells responded in general 3 h
earlier than the Pietrain cells. This supports the estimation, already mentioned under
paragraph 5.3.1 that Duroc cells reacted more efficiently than Pietrain cells in the first time
points post PRRSV infection.

The results also showed that the virus-host interaction was different for the various
respiratory cell-types. With regard to time point 24 hpi and the down-orientated cytokine
and chemokine expression trends of lung DCs, it can be estimated that these cells did not
have enough power to activate following gene cascades and/or to stimulate other immune
reactions. In contrast, regarding the same time point and the up-orientated expression
course of PAMs, it can be estimated that these cells have enough capacity to give signals to
the immune system. Regarding the expression trend of trachea epithelial cells at time point
24 hpi, no clear estimation, concerning the influence of these cells on the following

immune reaction, can be mentioned.
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5.6 Conclusion

The above discussed results (compare chapter 5.2, 5.3, 5.4 and 5.5) which were achieved in

this thesis, verified the following hypotheses:

1. After a short period (within 24 h) of infection with PRRSV remarkable

transcriptional reactions can be observed in DCs of pigs.

2. These reactions have an essential influence on the following pigs' immune

responses to PRRSV, especially on immune related genes and proteins.

3. Based on the different genetic background of Pietrain and Duroc pigs, their cellular

immune reactions are different during PRRSV infection.

The results will also be used to clarify if, how and to what extend the aims of the present
study (compare chapter 2.4) were achieved.

For this thesis the RNA-Seq was a very supporting technology which identified large
amounts of gene transcripts. The technology made it possible to determine the viral
replication per breed. This result showed that LV was able to infect and to replicate in lung
DCs. The detected virus replications were breed-dependent differently. Duroc lung DCs
reacted more effectively at the fist time points of the virus replication. It can be estimated
that the genetic background of Pietrain and Duroc had an influence on the immune
response to PRRSV.

After a short infection period and within 24 hpi remarkable reactions in lung DCs were
observed (hypothese 1). Investigations of the differently expressed genes, especially the
up-regulation of immune genes at 3 hpi for Duroc and the increasing amounts of down-
regulated immune genes between 9 hpi and 24 hpi for Pietrain determined the short time
period after infection as important and relevant (hypotheses 1 and 3). Not only the fast
immune response to PRRSV but also the detected various and contrary responses to
PRRSYV of both breeds are important results of this thesis.

Duroc cells responded 3 h earlier with an up-regulation of immune gene transcripts in
contrast to Pietrain cells which reacted with an increased amount of down-regulated

immune gene transcripts. These notable findings could be an indication that the
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investigated Duroc cells responded better in the first 24 hpi than Pietrain cells (hypotheses
1 and 3). Contrary to the assumption that Duroc cells reacted more efficiently, the high
amount of virus growth in Duroc lung DCs until 24 hpi has to be considered. An
explanation might be the reduction of the amounts of gene transcripts — down- as well as

up-regulated ones — until 24 hpi in Duroc cells.

Not only differences in the response to PRRSV between the breeds were detected but also
cell-type dependent differences in the response to PRRSV. These findings allow to indicate
that different cell-type susceptibilities to PRRSV exist. The PRRSV infection resulted in a
vigorous different cell-type response, indicated through aberrant expression trends between
lung DCs and PAMs as well as between trachea epithelial cells and PAMs. The developed
trend of lung DCs post PRRSV infection let to estimate that the bridging effect between
the innate and the adaptive immunity of lung DCs is too weak or too ineffective to initiate
a protective immune response against PRRSV. These observations were made for lung
DCs of both breeds with regard to the expression profile at 24 hpi. This situation was
different for PRRSV infected PAMs. At 24 hpi it seemed that PAMs were “activated” and
might be more effective for further immune responses.

Beside the already named differences also accordances in the response to PRRSV were
identified. A kind of parallelism and homology of both breeds in the response to PRRSV
through the functional analyses were detected. According to their functions — virus entry,
drug performance and species-specific immunity — the gene transcripts which derived from

the functional analyses of the present study play important roles for the health care.

This is the first comprehensive study that described the transcriptome profiles of two
different breeds post PRRSV infection, especially of infected lung DCs. The results of this
thesis revealed breed differences and cell-type differences in response to PRRSV infection.
Additionally, it was possible to identify key clusters, key pathways and specific gene
transcripts. The way of investigations, the new technology of RNA-Seq and the results
helped to achieve all aims. The two main observations were the clearly different reactions
of Duroc and Pietrain in the first hours post infection as well as the capacity of PRRSV to

infect lung DCs and to replicate extremely there.
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5.7  Perspective

The investigations and the results improved the knowledge about breed-dependent
differences in response to PRRSV infection. Duroc respiratory cells responded more
effectively in the first hours of infection than Pietrain respiratory cells. In this context the
question arises if this result could be used for the improvement of breeding strategies. If
breeding strategies help to develop disease resistant pigs and so to improve the pigs' health,
the medical costs, the medical treatments and the economic losses in the pig industry will
be reduced in the long run.

In Germany the new pharmaceutical drug law has the aim to minimize antibiotic
applications and in a long-term to prevent antibiotic resistance, it entered into force on
April 1%, 2014 (BMEL 2014). As the application of antibiotics must be reduced, the
question gets more important how the secondary bacterial infections, promoted by PRRSV,
can be treated adequately. The outbreak and the spreading of PRRSV infection must be
prevented or at least limited. The pigs' close environment, an already mentioned essential
factor for the transmission of airborne pathogens, like PRRSV, still has a big influence on
the pigs' health, on the antibiotics applications and on the followed antibiotics resistance.
In addition to the enhancement of the pigs' environment, higher prevention must be
achieved with the development of more effective and more efficient vaccines. Regarding
the prevention aspects through vaccines, the here identified cell-type dependent variations
can give hints for the development of adjuvants. For the performance of applications, DCs
might be used as adjuvants to enhance the host immunity post PRRSV infection.
Therapeutic strategies with DCs to enhance host immunity have already been described for
diverse human diseases like asthma, allergic lung inflammation, lung cancer and other lung
diseases.

In the pathway analyses of the present study genes were identified which played, according
to their tasks — virus entry, drug performance and species-specific immunity — important
roles for the health care. These genes which stood out through the functional analyses
should be investigated in further studies because they might be candidate genes before and
after PRRSV infection. Additionally, further knowledge is needed of immune-related QTL
regions and SNP which have an impact on pig's health. Comparative studies should be
performed on different levels of the global transcriptome and the global genome in order to
improve pigs' immune response post PRRSV infection and in order to identify potential

genetic markers.
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6 Summary

The porcine reproductive and respiratory syndrome (PRRS) is infectious and one of the
most important viral diseases of the swine industry worldwide. Its aetiological agent is the
PRRS virus (PRRSV), a single-stranded (ss) 15 kb positive-sense RNA virus. This disease
costs the global swine industry significant production losses, leads to critical financial
circumstances annually and can become endemic in the major swine-producing nations of
Europe, Asia, North and South America.

PRRS causes high mortality of nursery piglets, massive reproductive failures, including
abortions, stillbirth and premature farrowings as well as weak or mummified piglets. In
pigs of all ages, PRRS is associated with respiratory distress, interstitial pneumonia in
growing and finishing swines and it can cause decreased growth performance. The
development of these diseases is based on a multifactorial complex, including infectious
agents, the host, environmental and management conditions as well as genetic factors.
Generally the control remains problematic as the efficacy and universality of PRRS
vaccination has not been established. Nearby the development of better vaccines, another
possibility to control and to combat PRRS, could be the development of breeding
programs, including host genetic improvement for disease resistance and tolerance. The
understanding of the genetic elements and functions, involved in the response to PRRSV,
remains still unclear.

Therefore the aims of this thesis were to characterize - by using the high-throughput
sequencing technology - the transcriptome profile post PRRSV infection of Pietrain and
Duroc respiratory cells, to improve the understanding of genetic components and functions
in the response to PRRSV as well as to determine the changes in the global transcriptome
profile after PRRSV infection.

For these investigations six female 30 days old piglets of two different porcine breeds
(Pietrain and Duroc) were selected, PAMs, lung DCs and trachea epithelial cells were
isolated and infected with the European prototype PRRSV strain LV. Non-infected (0 h)
and infected (3, 6, 9, 12, 24 hpi) lung DCs, PAMs and trachea epithelial cells as well as the
cell culture supernatants were collected. Non-infected and infected lung DCs of both
breeds were used for RNA-Seq. The sequence alignment was done with the reference
genome build Suscrofa 10.2 and with the complete genome of LV strain. Ten gene
transcripts were selected to validate the results of RNA-Seq in PRRSV infected lung DCs,
PAMs and trachea epithelial cells of both breeds. Additionally, in order to investigate the
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cytokine profile of PRRSV infected lung DCs, PAMs and trachea epithelial cells, the
cytokine concentrations were investigated by ELISA and the mRNA expression by real-
time PCR.

The transcriptome analyses of PRRSV infected lung DCs of Pietrain and Duroc resulted in
an amount of 20,396 porcine predicted gene transcripts. The virus sequence alignment
exhibited that the LV strain was able to infect lung DCs and to replicate there. Not only
breed-differences post PRRSV infection in the virus growth but also breed-differences
were identified in the cytokine concentrations as well as in the detected differently
expressed genes and in the mRNA expression profiles. Beside these breed-dependent
differences, cell-type dependent differences in the response to PRRSV were characterized.
By using the cluster analyses, 37 clusters for Pietrain and 35 clusters for Duroc were
detected. Gene set enrichment analyses revealed common and varying pathways among the

identified clusters of both breeds.

This is the first comprehensive study that described the transcriptome profile of respiratory
cells of two different breeds post PRRSV infection, especially of infected lung DCs. The
investigations showed that the virus-host interaction was different for the various
respiratory cell-types and that the expression trends proceeded contrarily for both breeds
during the first time points after infection. Additionally, key clusters, key pathways and
specific gene transcripts were identified. The main findings were the clearly different
reactions of Duroc and Pietrain respiratory cells during the first hours post infection, the
capacity of PRRSV to infect lung DCs and to replicate extremely there as well as the

different responses of respiratory cells after PRRSV infection.
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8 Appendix

Table Al: Abbreviations of gene transcripts and proteins

gene transcripts and proteins

ACTB
ADM
APR-1
ATP6VOC

ATP6VOD1

ATP6VI1F

ATP6VI1C1

ATP6VIEI

ATP6VIGI1

ATP6VIB2

BFL-1
CANX
CCL4
CCL8
CCL20
CCL23
CCL3L1
CD80
CD86
C-JUN
CTSL

Actin, beta
Adrenomedullin

Apoptosis-related protein 1

ATPase, H+ transporting, lysosomal 16kDa,

VO subunit ¢

ATPase, H+ transporting, lysosomal 38kDa,

VO subunit d1

ATPase, H+ transporting, lysosomal 14kDa,

V1 subunit F

ATPase, H+ transporting, lysosomal 42kDa,

V1 subunit C1

ATPase, H+ transporting, lysosomal 31kDa,

V1 subunit E1

ATPase, H+ transporting, lysosomal 13kDa,

V1 subunit G1

ATPase, H+ transporting, lysosomal 56/58kDa,

V1 subunit B2

Bcl-2-related protein Al
Calnexin

Chemokine (C-C motif) ligand 4
Chemokine (C-C motif) ligand 8
Chemokine (C-C motif) ligand 20
Chemokine (C-C motif) ligand 23
Chemokine (C-C motif) ligand 3-like 1
CD80 molecule

CD86 molecule

C-JUN protein

Cathepsin L1
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CXCL2 Chemokine (C-X-C motif) ligand 2

CXCLI10 Chemokine (C-X-C motif) ligand 10

DDXS58/RIG-I DEAD (Asp-Glu-Ala-Asp) box polypeptide 58

EEA1 Early endosome antigen 1

FLT1 Fms-related tyrosine kinase 1 (vascular endothelial
growth factor/vascular permeability factor receptor)

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

HPRTI1 Hypoxanthine phosphoribosyltransferase 1

HSPG2 Heparan sulfate proteoglycan 2

IFNB1 Interferon, beta 1, fibroblast

IFN-y Interferon, gamma

IL-1 Interleukin 1

IL-1a Interleukin 1, alpha

IL-1B Interleukin-1 beta

IL-4 Interleukin 4

IL-5 Interleukin 5

IL-6 Interleukin-6

IL-8/CXCL8 Interleukin 8

IL-10 Interleukin 10

IL-12 Interleukin 12

IL-12p40 Interleukin 12B (natural killer cell stimulatory factor
2, cytotoxic lymphocyte maturation factor 2, p40)

IL-13 Interleukin 13

IL-18 Interleukin 18

IRAK4 Interleukin-1 receptor-associated kinase 4

IRF3 Interferon regulatory factor 3

IRF7 Interferon regulatory factor 7

ITGB1 Integrin, beta 1 (fibronectin receptor, beta
polypeptide, antigen CD29 includes MDF2,
MSK12)

ITGAS Integrin, alpha 5 (fibronectin receptor, alpha

polypeptide)
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ITGB2

JAK2
LGP2
LOC733646

LOC100153940
MAL
MAVS/IPS-1
MCLI

MDAS

MyDS8

NF-¢B

RAB5C

RELA

RIG-I

SIGLEC-1/CD169

SEC61B
SEC61G
SEC61A1
SLA-1/MHC I
SLA-2

SLA-5

SLA-6

SLA-7
SLA-DMB
SLA-DRA
SLA-DRBI
SLA-DQAI
SLA-DQBI

Integrin, beta 2 (complement component 3 receptor
3 and 4 subunit)

Janus kinase 2

Laboratory of genetics and physiology-2
Lysosomal 9kDa H+ transporting ATPase VO
subunit e

Thrombospondin-2-like

MyD88-adapter-like

Mitochondrial antiviral signaling protein

Mpyeloid cell leukemia sequence 1

Melanoma differentiation factor-5

Myeloid differentiation primary response gene (88)
Nuclear factor-xB

RABS5C, member RAS oncogene family

V-rel reticuloendotheliosis viral oncogene homolog
A (avian)

Retinoic acid inducible gene I

Sialoadhesin

Sec61 beta subunit

Sec61 gamma subunit

Sec61 alpha 1 subunit (S. cerevisiae)

MHC class I antigen 1

MHC class I antigen 2

MHC class I antigen 5

MHC class I antigen 6

MHC class I antigen 7

MHC class II, DM beta

SLA-DRA MHC class II DR-alpha

MHC class II histocompatibility antigen SLA-DRB1
MHC class II histocompatibility antigen SLA-DQA
SLA-DQ betal domain
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STATI1 signal transducer and activator of transcription 1,
91kDa

STATS3 Signal transducer and activator of transcription 3
(acute-phase response factor)

TCIRG1 T-cell, immune regulator 1, ATPase, H+
transporting, lysosomal VO subunit A3

TFRC Transferrin receptor (p90, CD71)

THBS1 Thrombospondin 1

TLR2 Toll-like receptor 2

TLR3 Toll-like receptor 3

TLR4 Toll-like receptor 4

TLR7 Toll-like receptor 7

TLR8 Toll-like receptor 8

TLR9 Toll-like receptor 9

TLR10 Toll-like receptor 10

TNF-a Tumor necrosis factor

TRIF TIR domain-containing adaptor inducing IFN-f3

VEGFA Vascular endothelial growth factor A

VEGFB Vascular endothelial growth factor B
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Figure Al: PAMs, after staining with REASTAIN® Quick-Diff Kit (Nikon, 40 x)

Figure A2:  lung DCs, after staining with REASTAIN® Quick-Diff Kit (Nikon, 20 x)
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Figure A3:  Relative phagocytosis effect (%) of LPS (dose: 1 pg/ml) infected trachea
epithelial cells



132

Appendix

Expression profiles of TNF-a and 1L-12p40 (compare chapter 4.2)
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Gene expression levels of TNF-a in non-infected (0 h) and infected (3, 6, 9,
12, 24 hpi) lung DCs (A), PAMs (B) and trachea epithelial cells (C) of
Pietrain and Duroc, detected by real-time PCR
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Figure A5:  Gene expression levels of IL-12p40 in non-infected (0 h) and infected (3, 6,
9, 12, 24 hpi) lung DCs (A), PAMs (B) and trachea epithelial cells (C) of
Pietrain and Duroc, detected by real-time PCR
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Table A2: Read counts of Pietrain lung DCs before and after filtration as well as
mapping statistics, detected by RNA-Seq
Oh 3 hpi 6 hpi 9 hpi 12 hpi 24 hpi

Total number of 24,053,167 13,339,563 26,335,005 23,764,179 22,940,461 20,933,383
reads before filtration

Read length (bp)
before filtration 101 101 101 101 101 101

Total number of 23,717,404 12,971,915 25,801,906 23,369,340 22,279,166 20,391,529
reads after filtration

Read length (bp) 50 - 86 50 - 86 50 - 86 50 - 86 50 - 86 50 - 86
after filtration

Reads mabned 18,701,018 10,222,722 19,304,549 18,346,271 17,409,655 15,724,439
PP (789%)  (7188%)  (748%)  (785%)  (782%)  (77.1 %)

Reads unmapped | 012073 2749133 6,492,538 5018,589 4,865,667 4,663,647
PP Q1%  212%)  252%)  21.5%)  (21.8%)  (22.9 %)

Table A3: Read counts of Duroc lung DCs before and after filtration as well as

mapping statistics, detected by RNA-Seq

0h 3 hpi 6 hpi 9 hpi 12 hpi 24 hpi

Total number of 28,877,319 23,008,410 23,964,835 23,011,180 30,230,707 26,345,601
reads before filtration

Read length (bp)
before filtration 101 101 101 101 101 101

Total number of 28,466,825 22,700,565 23,461,003 22,558,620 29,565,956 25,336,902
reads after filtration

Read length (bp) 50 - 86 50 - 86 50 - 86 50 - 86 50-86 50 - 86
after filtration

Reads manped 22,653,491 18,449,177 18,398,910 17,723212 22,982,092 19,109,408
PP (796 %)  (813%)  (7184%)  (186%)  (71.8%) (7154 %)

Reads unmanped 5,808,047 4,247,089 5,057,839 4,831,044 6,574,532 6,227,285
pp (20.4 %) (18.7 %) (21.6 %) (21.4 %) (22.2 %) (24.6 %)




Appendix 135
Table A4: Cluster description of Pietrain lung DCs after RNA-Seq
Breed Cluster Tot(?; g::;ber Minimum Maximum Mean Stapd_ard
number transcripts read count read count read count deviation
Pi 1 863 0 0.91537053 0.02828491 0.15840183
Pi 2 812 0 6.19251625 0.31579132 0.64907889
Pi 3 314 0 3.05572091 0.35407897 0.69482009
Pi 4 752 0 12.3850325 1.02253584 1.35811138
Pi 5 679 0 17.9350677 1.47784386 1.89031132
Pi 6 628 0 21.3900463 3.31068742 3.07105856
Pi 7 555 0 19.3528991 3.09081278 2.87941681
Pi 8 720 0 43.3476137 5.96615067 478686277
Pi 9 339 0 38.2864669 7.07647317 6.04036205
Pi 10 778 0 55.7979883 10.9386301 7.78226339
Pi 11 577 0 64.170139 17.0999682 10.4353287
Pi 12 587 0 90.4952853 21.4750095 13.7052117
Pi 13 559 0 108.988286 25.2037138 16.0470372
Pi 14 497 0 148.795133 40.3733222 22.8429996
Pi 15 616 0 168.06465 53.7707231 29.8622814
Pi 16 564 0 161.005422 58.3673345 28.4848062
Pi 17 367 1.23850325 222.930585 71.3898629 35.086972
Pi 18 583 0 372.789478 105.254502 52.0594309
Pi 19 266 1.23850325 275.004371 102.295483 48.7184557
Pi 20 642 1.23850325 363.630788 129.617898 57.4791541
Pi 21 738 1.9927853 506.547829 172.229673 72.2444302
Pi 22 308 0 547.322447 192.682155 96.7298299
Pi 23 635 11.9567118 546.974042 247.414722 92.54614
Pi 24 348 3.71550975 797.287732 279.655901 118.474172
Pi 25 438 7.4310195 912.776895 292.836537 120.830718
Pi 26 450 21.9688927 880.588738 355.601921 145.166052
Pi 27 417 26.0085682 1244.69577 414.45876 168.408515
Pi 28 701 13.6235357 1275.25419 484.91804 174.612957
Pi 29 628 7.4310195 1530.79002 610.824675 242.973891
Pi 30 663 15.6626455 1989.03622 736.230596 275.449502
Pi 31 722 0 3066.92522 991.301219 412.503863
Pi 32 449 1.23850325 3143.3824 1346.48074 542.181936
Pi 33 742 16.1005422 4374.39348 1421.19365 584.200883
Pi 34 853 49.54013 8678.19227 2965.72128 1304.47705
Pi 35 406 13.0522046 27639.932 7525.60929 4066.5676
Pi 36 177 1299.18991 97251.908 25397.2643 15962.6523
Pi 37 23 11950.1623 608534.856 141870.815 111783.284
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Table AS: Cluster description of Duroc lung DCs after RNA-Seq
Breed Cluster Tot(?; g::;ber Minimum Maximum Mean Stapd_ard
number transcripts read count read count read count deviation
Du 1 1131 1.38998696 352.361693 113.775597 46.1731227
Du 2 374 2.99068026 352.361693 125.901716 55.6190106
Du 3 318 0 229.632261 81.2702057 40.2650816
Du 4 639 0.86004592 174.340634 62.5512027 27.6596326
Du 5 432 0 177.447028 60.1831765 25.0035072
Du 6 1085 0 156.150233 33.6210159 18.1617715
Du 7 581 0 90.468653 26.8797638 14.8469444
Du 8 1016 0 53.8144869 11.8261107 7.7277743
Du 9 900 0 52.3427567 11.7154964 7.31239897
Du 10 876 0 19.0337297 4.25407735 3.15275855
Du 11 1023 0 17.6440941 3.34197555 2.70980731
Du 12 845 0 10.5864564 1.17725216 1.32223405
Du 13 629 0 8.56517837 0.94570336 1.12811443
Du 14 577 0 1.90337297 0.27902183 0.50424272
Du 15 801 0 0.9423818 0.04673877 0.1909431
Du 16 510 0 4.41102352 0.35334174 0.64910825
Du 17 275 6.88036736 597.731915 179.831788 80.387099
Du 18 615 8.82204704 445.513375 198.104409 69.8456502
Du 19 765 4.3002296 679.297622 219.707788 92.5049197
Du 20 254 28.2305505 549.408591 247.862352 93.6124819
Du 21 713 44.7223879 699.217333 330.833759 103.033228
Du 22 602 21.501148 868.046853 378.209362 131.188954
Du 23 484 67.5697405 1276.55021 455.866559 173.43611
Du 24 317 0.86004592 1291.06307 481.307533 195.117839
Du 25 336 7.74041328 1472.00038 589.300823 265.713602
Du 26 698 52.9322822 1487.87944 677.23956 207.239894
Du 27 563 110.258671 2039.65728 791.41894 267.680744
Du 28 518 47.3025256 3027.72654 1238.17687 419.926149
Du 29 738 114.386107 2522.51469 1209.70575 392.703631
Du 30 353 20.6411021 4837.7583 1700.2442 768.083661
Du 31 406 44.7223879 4926.23107 2252.4431 693.549059
Du 32 558 8.97204076 9984.79284 3798.58711 1520.95237
Du 33 290 165.128817 25552.177 8846.09184 3705.83905
Du 34 141 1186.56533 67427.6002 22124.4407 10588.5271
Du 35 33 10964.0401 762300.734 110382.108 108376.963
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Validation of RNA-Sequencing data of SLA-1, CD86 and IFN1
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Figure A6:  Gene expression profile of SLA-1 in infected and non-infected lung DCs,
detected by RNA-Seq (A) and by real-time PCR (B), gene expression
profile of SLA-1 in infected and non-infected PAMs, detected by real-time
PCR (C) and gene expression profile of SLA-1 in infected and non-infected
trachea epithelial cells, detected by real-time PCR (D) of Pietrain (black
line) and of Duroc (red line). All measurements were done at O h and at 3, 6,
9, 12, 24 hpi
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Figure A7:  Gene expression profile of CD86 in infected and non-infected lung DCs,

detected by RNA-Seq (A) and by real-time PCR (B), gene expression
profile of CD86 in infected and non-infected PAMs, detected by real-time
PCR (C) and gene expression profile of CD86 in infected and non-infected
trachea epithelial cells, detected by real-time PCR (D) of Pietrain (black
line) and of Duroc (red line). All measurements were done at O h and at 3, 6,

9, 12, 24 hpi
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Figure A8:  Gene expression profile of IFN16 in infected and non-infected lung DCs,

detected by RNA-Seq (A) and by real-time PCR (B), gene expression
profile of IFN18 in infected and non-infected PAMs, detected by real-time
PCR (C) and gene expression profile of IFN18 in infected and non-infected
trachea epithelial cells, detected by real-time PCR (D) of Pietrain (black
line) and of Duroc (red line). All measurements were done at 0 h and 3, 6, 9,
12, 24 hpi
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