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Summary 
 
Equine viral arteritis is an infectious disease caused by an enveloped, positive stranded RNA virus 
named equine arteritis virus (EAV). During the last decade, the virus replication has been well 
studied. Strains of EAV are known to differ in virulence characteristics. However, the events that 
are leading to the disease development and differences in virus behaviour have not been 
elucidated. In this study, I investigated intracellular signaling as means to understand events taking 
place in infected cells and to identify potential markers for virulence. Strains of EAV that differ in 
virulence were used with a set of methods to investigate the cellular signaling pathways activated 
by the infection of EAV in Baby Hamster Kidney 21 (BHK21) cells. Luciferase reporter plasmids 
were employed to screen the activation of pathways upon infection with EAV. Bioplex assays and 
in-situ PLA were used to confirm presence of phosphorylated proteins upstream the pathways 
activated. The results show activation of NF-kB, JNK/p38 MAPK, and the interferon signaling 
pathways at certain time points post infection. A virulent and an avirulent strain of EAV seem to 
have different ability to activate type 1 interferon pathway, by mechanisms that need to be 
investigated further. Different forms of p65 NF-kB were found phosphorylated in the course of 
infection, suggesting that phosphorylation at different residues and sites have different purposes 
during virus replication. Clear distinction between cells infected with a virulent and an avirulent 
strain of EAV were seen for phosphorylation of p65 NF-kB (Thr254), c-jun (Ser36 and Thr239), 
JNK (Thr183/Tyr185) and p38 MAPK (Thr180/Tyr182). If proven consistent these patterns can 
be exploited as indicators of virulent and avirulent phenotypes of EAV in vitro. 
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1. Introduction 

 
1.1) Disease caused by Equine Arteritis Virus   
 
Equine arteritis virus (EAV) was first isolated from a foetal lung collected during an epizootic of 
abortion in Bucyrus, Ohio, USA (Bryans et al., 1957; Doll et al., 1957). The natural host of the 
virus are equids (horse, donkey, mule), where it causes a disease of the respiratory and 
reproductive tract known as equine viral arteritis. The incubation period varies from two days to 
two weeks. Symptoms vary with different ways of exposure, the strain, and the dose of virus and 
the immune status of the host. They are more severe in old or very young animals, or in immune 
compromised horses, and include: fever, anorexia, depression, conjunctivitis, nasal discharge, 
abortion, mucopurulent rhinitis, stiffness, leukopenia, limb oedema, and oedema of scrotum 
(Wilkins, 1995). Transmission of the infection can occur through respiratory, congenital or 
venereal means. Indirect transmission may also occur through virus-contaminated fomites and 
tools like head collars, twitches, shanks, etc. In neonates deprived from passive maternal 
immunity, infection can result in sudden death or severe respiratory distress followed by death 
(McCollum and Timoney, 1998). As sequelae of acute infection, 30-60% of post-pubertal stallions 
become virus carriers and may shed EAV in the semen from short to long periods (Prickett, 
1972). These carrier stallions are the reservoir of the virus in nature and prime reason for the virus 
persistence in horse populations. Based on various serological surveys, the virus has been recorded 
in horses in many countries (McCollum and Timoney, 1998). EVA can cause heavy economic 
losses for the equine industry, by restraining horses from races and competitions, besides costs for 
treatment, for example, for secondary bacterial infections. 
 
1.2) Equine arteritis virus 
 
Equine arteritis virus is a small, enveloped, spherical, positive-stranded RNA virus that belongs to 
the genus arterivirus and the family Arteviridae.  This family also includes lactate dehydrogenase-
elevating virus (LDEV), porcine reproductive and respiratory syndrome virus (PRRSV) and 
simian haemorrhagic fever virus (SHFV) (Cavanagh 1997; Snijder and Meulenberg, 1998). 
Arteriviridae are classified under the order Nidovirales that includes the family Coronaviridae that has 
mouse hepatitis virus (MHV) and SARS coronavirus as some of the members. The size of the 
virus particle varies between 50 to 70 nm in diameter (Fig. 1A). The virion is composed of an 
isometric core surrounded by an envelope made up of lipids and integral membrane proteins (Fig. 
1B). The viral RNA, is encapsulated by a single nucleocapsid protein, and is contained within the 
core particle (de Vries AAF et al., 1997). 

                                                                               
 
       Source: http://www.sandoz.sk/home                                                                                      Courtesy of Prof. Eric J. Snijder 
 
 Figure 1.  EAV viewed at EM (left) and a schematic representation of EAV (right) 
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1.3) The EAV genome and coding assignment 
 
The genome of EAV consists of positive-stranded polyadenylated RNA of 12.7 Kb in size. Nine 
open reading frames (ORFs) have been identified. The largest ORFs (1a and 1b) occupy the 
proximal two thirds of the genome and encode the replicase polyprotein that is processed into 12 
non-structural proteins (nsp 1-12) of the virus (Snijder et al, 1994; van Dinten et al, 1996). These 
proteins have functions in viral RNA synthesis, key roles in proteolytic processing (Snijder et al, 
1994; van Dinten et al, 1996, van Aken et al., 2006), formation of replication complexes, and 
transcription of subgenomic messenger RNA species (Molenkamp et al, 2000). For example, the 
non-structural protein 1 (nsp1) is essential for viral sub-genomic mRNA synthesis (Tijms et al., 
2003). The nsp1 migrates to the nucleus in the course of infection, a feature that is presumed to 
be mediated by an interaction with a cellular protein (Tijms et al., 2002), and has been shown to 
couple transcription to translation (Tijms et al., 2003). The nsp2 acts as a co-factor for the 
processing of the replicase polyprotein by the nsp4 protease (Wassenaar et al, 1997; Ziebuhr et al, 
2000). In addition, nsp2 has been shown to interact with nsp3 and induce modification of host 
cell membranes into double membrane vesicles where viral replication takes place (Snijder et al., 
2001). The nsp9 protein functions as the viral RNA-dependent RNA polymerase (van Dinten et 
al, 1996). The nsp10 is a metalloproteinase that has been implicated in regulation of viral 
transcription (Posthuma et al., 2006).   
 
The last third of the genome contains seven overlapping ORFs that encode the structural proteins 
of the virus. These comprise the minor glycoproteins E, GP2b, GP3 and GP4, the major ORF5-
encoded glycoprotein GP5, and the M and the N protein, encoded respectively by ORF 6 and 
ORF7 (Fig 1B). The minor glycoproteins form a multimeric complex of undefined function 
(Wieringa et al., 2004). GP5 is the major component of the viral envelope and carries the major 
neutralisation epitopes and induces humoral immune response in horses (Chirnside et al., 1995; 
Castillo-Olivares et al., 2001). The N protein is abundant and has been shown to migrate to the 
nucleus in the course of infection (Tijms et al., 2002). 
  
1.4) The life cycle of EAV  
 
The overview of the life cycle of equine arteritis virus is shown in Fig. 2. The virus enters the host 
by fusion of the viral envelope and the cell membrane. Subsequently, the positive sense single 
stranded RNA is released into the cytoplasm and translated by the cellular machinery in order to 
generate the polyprotein precursors (pp1a and pp1ab). These polyprotein precursors undergo 
proteolysis to produce processing intermediates and non-structural proteins, which play a crucial 
role in viral RNA synthesis, among other regulatory functions. Some of the non-structural 
proteins modify host cell membranes to form double membrane vesicles (DMV’s) to which the 
genomic RNA is recruited, forming the complex for viral RNA synthesis and transcription of the 
sub-genomic mRNAs. Translation of the shortest of these sub-genomic mRNA generates the viral 
nucleocapsid protein (N), which encapsidates the new synthesised genome forming the 
nucleocapsid (NC). On the other hand, the remaining sub-genomic mRNAs are translated into the 
membrane and envelope proteins that are assembled onto the nucleocapsid and are modified in 
the ER. After maturation and budding through the Golgi, the virus exits the cell following the 
host’s exocytic pathway (Snijder and Meulenberg, 1998). 
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                                          Graphic illustration by M. Munir 
 
Figure 2. Overview of the life cycle of Equine Arteritis Virus. 
 
 
1.5) Intracellular signaling by viruses 
 
Cellular signaling is a complex process of internal as well as external communication system within 
and in between cells. The core of this communication is mainly enacted by proteins that undergo 
modifications or change conformation and function according to the information they receive. 
For instance, these modifications can happen by phosphorylation or dephosphorylation of 
serine/threonine/tyrosine residues or by acetylation and deacetylation events. Cell signaling plays 
a key role in growth, survival, differentiation and death as well as in the genesis of pathological 
processes. Hence, the fate of the cell is directed by the signaling pathways activated. In general, 
viral infection leads to the activation of signaling pathways. Viruses upon infection exploit 
different signaling pathways for their own replication (Ludwig et al., 2006).  For example, 
influenza virus infection leads to activation of Raf/MEK/ERK and NF-kB signaling pathways 
(Ludwig, 2007; Ludwig et al., 2003). Adenovirus type 12 infection causes the accumulation of 
STAT1, STAT2, and IRF9 of the ISGF3 transcription factor, which later leads to the activation of 
the JAK/STAT signaling pathway (Zhao et al., 2009). Epstein-Barr virus (EBV) infection leads to 
the expression of several latent proteins in EBV associated gastric carcinoma. However, one of 
the latent proteins expressed in EBV, 2A (LMP2A) up-regulates the cellular survivin by activation 
NF-kB pathway (Fukayuma et al., 2008). Hepatitis C, an RNA virus causes infection in the liver 
that turns chronic and causes transformation of cells by the activation of phospatidylinositol 3-
kinase (PI3K) and the downstream effector kinase Akt (Cooray, 2004). During acute viral 
infections, suppression of apoptosis is needed for a successful virus replication. The suppression 
of apoptosis is achieved by the direct interference of the virus with different pathways. For 
instance, respiratory syncytial virus (RSV) exploits the PI3K pathway for a better virus replication 
(Cooray, 2004). RSV infection has been shown to regulate the NF-kB pathway dependent on 
PI3K/Akt (Thomas et al., 2002).  NF-kB pathway involvement has been observed in induction of 
IRF-7 in EBV infected cells (Zhang et al., 2001). Subversion of anti-apoptotic pathways of the 
host cell is also observed in the early stages of enterovirus 71 infection, through phosphorylation 
of PI3K/AKT and MAPK/ERK pathways (Wong et al., 2005). The core protein of hepatitis C 
virus is considered a potent intracellular signaling inducer. Upon infection with hepatitis viruses, 
the core protein was found to direct phosphorylation of NF-kB subunits to activate the NF-kB 
pathway. The same core protein also induces MAPK pathway, which cross talks with the NF-kB 
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pathway. Hence, NF-kB is considered as a main regulator of most of the mitogenic pathways 
induced by hepatitis B and C viruses (Kato et al., 2000). 
 
The nuclear factor kappa B (NF-kB) is a family of multifunctional transcription factors that 
regulate expression of an array of genes involved in regulation of cellular processes such as 
inflammation, immune responses, cell differentiation, apoptosis, proliferation and cell survival 
such as in cancer. The NF-kB family of transcription factors contains a highly conserved domain 
known as Rel, which is important in DNA binding, dimerization and interaction with inhibitory 
kappaB (IkB) proteins. NF-kB proteins p50 and Rel (p65) are expressed ubiquitously in cells. In 
non-activated state, the dominant form of NF-kB is a heterodimer of the p50 and p65 subunits 
found as a complex with inhibitory of kappa B (IkB) proteins and localizes in the cytoplasm. As 
illustrated in Fig. 3, binding of pathogens to toll-like receptors (TLR) induces phosphorylation of 
inhibitory IkB proteins at two serine residues (Ser32/36 in IKKα and Ser19/23 in IKKβ), 
resulting in ubiquitination of the IkB complex and its targeting for proteosomal degradation. This 
causes dissociation of NF-kB, which is the rapidly activated by phosphorylation and translocates 
to the nucleus, where it binds to specific DNA sequences in regulatory regions (promoters and 
enhancers). These events recruit co-regulatory factors to the regulatory regions to enhance or 
inhibit transcriptional activity and to regulate the expression of dependent genes (Dutta et al., 
2006). The activity, dynamics and regulation of the transcription factors are directly or indirectly 
associated with activation of one or more signaling pathways as a response to a variety of intra- 
and extra-cellular stimuli. Activation can be effected as result of exposure to stimuli such as 
components of viruses (nucleic acids, proteins), inflammatory cytokines (IL-1, TNFα), endotoxins 
(LPS), and physical injury (UV-radiation). 
 
The mitogen-activated protein kinases (MAPKs) are a family of protein kinases that are conserved 
across organisms. In multicellular organisms three subfamilies of MAPKs have been recognized 
and are known to control a variety of physiological processes and to take part in pathological 
processes (Kyriakis, 1999). First, the c-Jun amino-terminal kinases (JNKs) that are protein kinases 
activated by stress and essentially involved in regulation of apoptosis and gene transcription 
(Kyriakis and Avruch, 1996). They bind and phosphorylate c-Jun and c-fos units of the activator 
protein-1 (AP-1) group of transcription factors, and increase their transcriptional activity (Pestell 
et al., 1994; Albanese et al., 1999). Second, the p38 MAPKs that are activated by inflammatory 
cytokines and environmental stresses, and involved in regulation of cytokine expression (Johnson 
and Lapadat, 2002; Pestell et al., 1994). Third, the extracellular signal-regulated kinases (ERKs) 
that take part in the control of cell proliferation and division. MAPKs mediate cellular responses 
through a cascade of events involving interaction with or phosphorylation of downstream targets 
(Davis, 2000). The MAPK/JNK pathway has been shown to be used by viruses. In influenza virus 
infection, for example, activation of the JNK signaling pathway is required for the expression of 
AP-1 dependent genes (Ludwig et al., 2001). 
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                        Graphic illustration by M. Munir 
 
Figure 3: Overview of NF-kB pathway activation in virus infected mammalian cell. The cell recognises viral infection 
through different mechanisms: 1) By toll-like receptors (TLRs) that play an important role in identification of 
pathogen associated molecular patterns (PAMPs) of viruses. 2) By RIG-1 like helices, that recognise 5 tri-phosphate- 
(5´ppp) dsRNA, an intermediate by-product of viral replication. For instance, RIG-1 and MDA5 have been reported 
to recognise cytosolic viral RNA through this mechanism. Either way of pathogen recognition leads to the activation 
of mediator proteins, and to subsequent phosphorylation of the IkB complex. The phosphorylation leads to rapid 
ubiquitination and proteosomal degradation of IkBs. As soon as the IkBs are degraded, the active Rel dimers (p65, 
RelB, c-Rel, p100/p52, and p105/p50) translocate to the nucleus, where they trigger the transcription of genes 
responsible for immune regulation, inflammation, proliferation and cell survival. 
 
In this study, the activation of intracellular signaling pathways by infection with EAV was 
investigated. The interplay between events initiated by the virus to enhance its replication and the 
mechanisms mobilized by the host cells to mount defence against infection is key to determine the 
outcome of infection. In practical terms the events in this attack and defence interaction may 
underlay cell and tissue damage started by infection. Therefore, understanding of this aspect of 
virus-cell interactions is crucial to expand the knowledge about mechanisms of pathogenesis of 
equine viral arteritis. 
 
 
1.6) Aim of the study 
 
1) To identify intracellular signaling pathways activated upon infection with equine arteritis virus. 
2) To demonstrate presence of specific phosphoproteins upstream the pathways found to be 
activated.  
3) To look for differences in signaling events upon infection of cells with virulent and avirulent 
strains of EAV. 

2. Materials and Methods 
 
2.1) EAV strains 
 
The strains of EAV used in different parts of this study were SP3A, Swe202, Arvac, VA and 
Leiden. These strains were selected based on marked differences in clinical disease presented in 
infected animals. Of these, SP3A and Swe202 cause severe disease, whereas Arvac and VA 
replicate without producing signs of illness in animals. The Leiden strain has been evaluated as 
inducing a moderate disease in infected animals and is the virus prototype.  
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2.2) Cell culture 
 
Baby Hamster Kidney 21 (BHK-21) cells were cultured using Dulbeco’s EMEM medium 
supplemented with 10% of FCS, 1% of L-glutamine, 100 U/ml of penicillin and 100 µg/ml  of 
streptomycin. The cells were incubated at 37°C, in a humidified incubator with 5% CO2. 
 
2.3) Profiling for different signaling pathways 
 
Principle of the assay 
Plasmid sets from the pathway profiling system (Clontech) were used. The system comprises a set 
of reporter plasmids (listed in Table 1), carrying cis-acting enhancer elements responsive to the 
activation of a specific signaling pathway started by a suitable stimulus, and a luciferase reporter 
gene. The luciferase reporter gene reveals the binding of transcription factors to the response 
element, which is followed by luciferase expression upon activation of the corresponding signaling 
pathways.  
 
Cell transfection and luciferase assay 
Freshly passaged BHK21 cells were grown on 24 well plates at a density of 3x105 cells one day 
before transfection, which will allow them to be 50% confluent at transfection. The cell media was 
changed to maintenance media with 1% FCS. Transfection complexes for each of the reporter 
plasmids were prepared with 300 ng of each plasmid, using the GeneJammer transfection reagent 
(Stratagene), in serum-free medium, as recommended by the manufacture. Thereafter, the 
transfection complexes were added drop-wise onto the cells in the required number of wells. The 
plates were rocked gently for evenly distribution and then incubated at 37 °C in a CO2 incubator. 
 
After 18 hrs of transfection (determined from a prior optimization of the assay), the cells were 
infected at an MOI of 5, with EAV strains SP3A and Arvac in duplicate wells for each virus, and 
in replicate plates for lysis at different time points. At the indicated time-points from 2hr to 36hr 
post infection, the cells were lysed with 100 µl of One Glo Luciferase substrate (Promega). The 
lysates were transferred to luminometer plates (Nunc) and analyzed by reading luminescence in a 
Wallac Victor2

™ 1420 Multilabel counter (Wallac Sverige AB). The average value of the 
luminescence readings was calculated and luciferase expression readings generated by the reporter 
plasmids were compared with those of the plasmid background (PB). 
 
Table 1:  Luciferase reporter plasmids used to determine activation of different signaling pathways 
 
Reporter Plasmid cis- acting Enhancer Element Transcription Factor Pathway 

pGAS-Luc IFN-� activation sequence STAT1/STAT2 Proliferation/Inflammation 
 

pSTAT3-Luc 
 

STAT3 response element STAT3/STAT3 Proliferation/Inflammation 
 

pISRE-Luc Interferon stimulated response element 
 

STAT1/STAT2 Proliferation/Inflammation 
 

pNFkB-Luc Nuclear factor kB of cells 
 

NFkB NFkB 
 

 pAP1- Luc Activator Protein -1 c-jun/c-fos JNK 
 

pSRE-Luc Serum response element Elk-1/SRF MAPK/JNK 
 

pCRE-Luc  cAMP response element ATF2/CREB JNK/p38 & PKA 
 

pHSE-Luc Heat shock response element HSF Heat Shock Response 
 

pGRE-Luc 
 

Glucocorticoid response element 
 

GR Glucocorticoid/HSP90 
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2.4) Bioplex assay for detection of phosphoproteins specific to the identified pathways  
 
Based on the pathway profiling results, two combination sets of phosphoprotein targets were 
selected for analysis by the luminex system as follows: a) a 3-plex for detection of 
phosphoproteins of STAT2 (Tyr689), NFkB p65 (Ser536), and c-Jun (Ser63); b) a 5-plex for 
detection of phosphoproteins for JNK (Thr183/Tyr185), p38 MAPK (Thr180/Tyr182), ERK1/2 
(Thr202/Tyr204Thr185/Tyr187), IkB� (Ser32/Ser36), and Akt (Ser473). These sets were 
purchased from Bio-Rad as phosphoprotein detection 3-plex and 5-plex, respectively. 
 
Preparation of lysates from infected cells 
BHK21 cells were cultured on six well plates. The same five viruses were used for infection, one 
virus strain per well and the 6th well was left uninfected as negative control. The infected cells 
were lysed at different time points post-infection from 2hr to 24hr by using Bio-Rad’s cell lysis 
buffer provided in the Bioplex cell lysis kit, following the manufacturer’s protocol. Thereafter, 
protein concentrations of the cell lysates were measured using Nanodrop and all the samples were 
diluted with the assay buffer to 900 µg/ml of protein as recommended in the protocol.  
 
Bioplex assay by Luminex 
The assay for phosphoprotein detection was performed in duplicates with the cell lysates as 
follows: the Millipore 96 well plate was pre-wet with 100 µl of wash buffer and 50 µl of 1x 
coupled beads were added to each well and vacuum filtered immediately with the help of a 
TECAN’s hydro flex machine. Except otherwise mentioned, all washings were done in the same 
manner. Thereafter, 50 µ l of cell lysates were placed in the corresponding wells and the plates 
were incubated on TECAN’s microplate shaker at 4°C for 18 hours, shaking at 300 rpm. After 
incubation, the samples were vacuum filtered and washed. Thereafter, 25 µ l of 1x detection 
antibodies were added to each well and the plates incubated for 1 hour at room temperature, 
shaking at 300 rpm. After vacuum filtration and washing, 50 µl of 1x Streptavidin-PE was added 
to each well and incubated for 10 minutes, shaking at 300 rpm. The plates were then vacuum 
filtered and rinsed three times with resuspension buffer provided in the kit. Each well was later 
filled with 125 µl of resuspension buffer and incubated in the shaker for 30 seconds. The data was 
acquired by reading the assay in a Luminex®

200 instrument (xMAPTM Technology) at the bead 
regions recommended for each target. 
 
2.5) In-situ proximity ligation assay (in situ-PLA) 
 
To confirm activation of NF-kB and c-jun, in-situ proximity ligation assay (PLA) was used to 
detect the activation of p65 NF-kB and c-jun in infected cells by comparison to events in cells that 
have not been infected. PLA reagents were purchased as Duolink Detection Kit 563 from Olink 
Bioscience, Uppsala, Sweden. The primary antibodies were purchased from Cell Signaling 
Technology®, as follows: phospho-NF-kB p65 (Ser276, product#3037), phospho-NF-kB p65 
(Ser536, 93H1, Rabbit mAb, product #3033), NF-kB p65 Antibody 3034 (product # 3034), and 
from Santa Cruz Biotechnology, Inc, p-NFkB p65 (Ser536, product #sc-101752), p-NFkB p65 
(Thr254, product #sc-101753), p-NF-kB p65 (Ser468, product # sc-101750), p-NFkB p65 
(Thr435, product #sc-101754) and c-jun (Thr239, product #sc-101720). 
 
Preparation of cells and incubation with primary antibodies 
For cell infections, two strains, SP3A representative of virulent, and Arvac representative of non-
virulent EAV were used. BHK21 cells were grown on 8-well chamber slides and infected with the 
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viruses. At different time-points following infection (6hr, 8hr, 10hr, 12hr, and 14hr), the cells were 
fixed with 4% paraformaldehyde for 30 minutes. Then, the cells were permeabilized by incubation 
with 0.1% of Triton X-100 in TBS for 10 minutes. Blocking was done by incubation with TBS 
containing 10% goat serum as blocking buffer at 37°C for 60 minutes. Primary antibodies were 
diluted 1:250 in TBS with 5% whole goat serum, added to cells and incubated overnight at 4°C. 
Thereafter, the primary antibodies were removed and the cells were washed three times with TBS-
T.  
 
Probing, ligation, amplification and detection 
The secondary antibodies, PLA probes anti-rabbit plus and anti-rabbit minus were diluted as 
recommended, added to the cells and incubate in a humid chamber at 37°C for 120 minutes.  At 
the end of incubation the cells were washed as before and incubated with the hybridization stock 
diluted 1:5, and incubated as before for 15 minutes. The cells were washed for 1 minute with TBS-
T. The ligation stock was diluted 1:5 and ligase was added to a final dilution of 1:40, followed by 
incubation as before for 15 minutes. After two washes of two minutes each with TBS-T, the 
polymerase diluted in 1:5 amplification stock to a final concentration of 1:80 was added and 
incubation done for 90 minutes. The cells were washed as in previous step and thereafter 
incubated in diluted detection stock for 60 minutes. At the end of incubation period, the cells 
were washed twice with TBS-T, five minutes each time followed by 1x wash with 70% ethanol. A 
drop of mounting fluid (Olink Bioscience) was used to place coverslips on the cells. The slides 
were observed under a Nikon immunofluorescence microscope. The images were captured with a 
Coolpix using NIS elements software, and subsequently processed with Adobe Photoshop. 
 
2.6) Real-time RT-PCR 
 
Total RNA was isolated from EAV infected BHK21 cells and non-infected cells by phenol: 
chloroform extraction following by precipitation with 3M NaAc in presence of ethanol. The 
reaction conditions were as follows: For each 24 µ l of reaction mixture, 12.5 µ l of Brilliant® 
SYBER® Green qRT-PCR 1-step Master Mix, 1µl of 10 µM forward primer, 1µl of 10 µM of 
reverse primer, 1µl of RT/RNAse block (Cat # 600825-52), and 9.5µl of ddH2O were used. 
Thereafter, 1µl of 400ng/ul total RNA was added to the 24µl of reaction mixture prepared. The 
following sense and antisense primers were used for each gene: IFNβ-S 5-
GATTCATCTAGCACTGGCTGG-3, IFNβ-A 5-CTTCAGGTAATGCAGAATCC-3. RT-PCR 
was performed on a Rotor Gene 6000 PCR machine (Corbett Research). Reverse transcription 
was done at 50°C for 30 min, and 95°C for 10 min, and RT PCR cycling was performed as 
follows: denaturation at 95°C for 30 sec, annealing at 60°C for 60 sec and hold for 1 min and 30 
sec at 95°C. Melting ramp was set from 55°C to 95°C, raising by 0.2 C each step and wait for 90 
sec of pre-melt conditioning on first step, and wait for 5 sec for each step after wards. The gain 
optimization has been set in order to select the highest fluorescence less than 70. 
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3. Results 
 
 
3.1) Pathway profiling 
 
As a first step, general profiling to identify activation of a set of signaling pathways relevant in viral 
infections was carried out. Cells transfected with reporter plasmids for pathway profiling were 
infected with a virulent and a non-virulent strain of EAV as stimulus, at 18hr post-transfection. At 
different time points post-stimulation, from 2hr to 36hr, cells were lysed with One-Glo luciferase 
assay substrate. Non-stimulated cells were used as a negative control to determine the effect of the 
plasmid background. Mean luciferase readings from duplicate experiments were divided by the 
readings of the plasmid background to calculate the ratio of luciferase expression. Luciferase 
relative light units were considered indicative of activation of the involved pathway when the ratio 
was ≥2.0. Based on this criterion, activation of different pathways was evaluated as follows: 
 
Proliferation and inflammation pathways  
For plasmid pGAS-Luc, which is indicative of activation of STAT1/STAT2 transcription factors a 
ratio of 5.5 for the SP3A virus and of 4.1 for the Arvac virus was recorded at 24hr p.i. For plasmid 
pSTAT3-Luc, that is indicative of activation of STAT3/STAT3 transcription factors the ratio at 
6hr p.i was 2.1 in Arvac infection. However, at 24hr p.i following stimulation the ratio was 3.5-
fold and 3.0 in infection with SP3A and Arvac, respectively. For pISRE-Luc that reveals activation 
of STAT1/STAT2, the ratio was 3.7 and 2.4 in infection with SP3A and Arvac, respectively, at 
10hr p.i, and then increased to 7.8 and 5.1 at 24hr p.i for infection with SP3A and Arvac, 
respectively. In general luciferase readings for pathways associated with inflammation and 
proliferation were remarkably high at 24hr post-infection of cells transfected with the 
corresponding plasmids (pGAS-Luc, pSTAT3-Luc, pISRE-Luc). Both at 10hr and at 24hr p.i the 
ratio was higher in SP3A than in the Arvac infection. 
 
NF-kB pathway  
For pNF-kB-Luc that profiles for activation of the NF-kB pathway, at 10hr post-stimulation with 
SP3A and Arvac the ratio was 2.5 and 2.3, respectively. At 24hr there was a dramatic increase to 
14 and 6 respectively, with a clear difference in activation of this pathway by the virulent and the 
avirulent viruses, where the SP3A has stimulated higher luciferase expression, resulting in a higher 
ratio.  
 
JNK, MAPK/JNK, JNK/p38MAPK and PKA pathways  
In pAP-1 that is indicator of activation of transcriptions factors c-jun/c-fos and profiles the JNK 
pathway, the ratio at 2hr p.i was 9.6 and 7.9, in infection with SP3A and Arvac, respectively. 
Remarkably, the ratio was substantially increased at 10hr p.i for both viruses, 326 and 359 At 24hr 
p.i it was 3.1 and 3.5 and an elevated ratio for SP3A infection, 423.6 was seen at 36hr p.i. For 
pSRE-Luc, that signals the MAPK/JNK pathways, the ratio recorded at 10hr p.i, was 2.3 for 
SP3A and 2.2 for Arvac. In pCRE-Luc that profiles for the JNK/p38 MAPK and PKA pathways, 
the ratio was 3.4 and 2.4 at 2hr, 2.6 and 2.5 at 10 hr for SP3A and Arvac, respectively. At 36hr p.i. 
only SP3A has shown a ratio of 2.3. For these pathways an increase in reporter gene activity was 
observed at 10hr and 24hr, with the exception of the pathway revealed by pCRE-Luc 
(JNK/p38MAPK & PKA) at 24hr. A remarkable increase in ratio for the JNK pathway alone was 
seen at both time points, with no differences between viruses.  
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Heat shock response/glucocorticoid/HSP90 pathway  
 
With pHSE-Luc that signals heat shock response, the ratio of 2.0, 2.0, 2.2 at 4hr, 10hr, and 20hr 
p.i, respectively, was recorded only in SP3A infection. For pGRE-Luc that signals 
glucocorticoid/HSP90, the ratio at 10hr p.i was 2.8 for SP3A and 2.2 for Arvac At 24hr and 36hr 
p.i it was 2.3-fold and 3.3-fold, respectively only in SP3A stimulated cells. For this pathway the 
ratio was consistent at 10hr and 24hr in cells infected with the SP3A. In infection with the Arvac 
virus, a shift in ratio was only observed at 10hr with plasmid pGRE-Luc. 
 
Table 2: Activation of different signaling pathways following infection of BHK21 cells with EAV. 
 
Plasmid Pathway 2hr 4hr 6hr 8hr 10hr 12hr 16hr 20hr 24hr 30hr 36hr 

  V A V A V A V A V A V A V           A V A V A V A V A 
pGAS-Luc  P/I  1.2 1.4 0.9 1.1 1.3 1.7 1.4 1.6 0.9 1.7 1.2 1.5 0.9 0.8 0.6 0.9 5.5 4.1 0.6 0.7 1.4 0.7 
pSTAT3-
Luc  

P/I 0.6 0.7 0.9 0.9 1.6 2.1 1.8 1.6 1.3 0.7 1.2 0.9 1.0 1.1 1.0 1.9 3.5 3.0 0.6 1.0 0.6 0.8 

pISRE-Luc  P/I 0.4 0.4 0.9 0.9 0.6 1.4 0.9 1.3 3.7 2.4 0.8 0.8 0.9 0.8 1.0 1.0 7.8 5.1 0.4 0.7 1.5 0.5 
pNFkB-Luc  NF-kB  0.8 0.6 1.1 1.0 0.5 0.5 0.5 0.9 2.5 2.3 0.9 0.9 0.7 0.7 1.2 0.6 24 11 0.4 0.6 2.6 0.8 
 pAP1- Luc  JNK  9.6 7.9 0.9 1.2 1.4 1.2 1.4 1.4 326 359 1.0 1.1 0.7 0.9 0.8 1.3 3.1 3.5 0.5 1.0 423 0.9 
pSRE-Luc  MAPK/JN

K  
1.2 0.9 1.1 0.9 1.2 1.6 1.2 1.8 2.3 2.2 0.9 1.1 1.1 1.4 0.9 1.0 1.7 0.7 0.9 1.2 1.7 0.8 

pCRE-Luc  
  

JNK, 
p38/PKA  

3.4 2.2 1.3 0.6 1.5 1.6 1.4 1.4 2.6 2.5 0.8 1.3 0.9 0.8 0.9 1.0 1.3 1.3 0.4 0.5 2.3 0.8 

pHSE-Luc  HSRP  1.9 1.7 2.0 1.0 1.4 1.4 1.6 1.5 2.0 1.3 1.0 0.9 0.7 0.9 2.2 1.8 1.9 1.3 0.4 0.6 1.5 0.8 

pGRE-Luc  G/HSP90  1.9 1.6 1.2 0.5 1.5 1.3 1.9 1.2 2.8 2.2 1.1 1.0 0.6 0.9 1.2 1.9 2.3 1.2 0.4 0.7 3.3 0.9 

 
V: Virulent EAV, A: Avirulent EAV, P/I: Proliferation/Inflammation, HSRP: Heat Shock Response Pathway, G/HSP90: Glucocorticoid/HSP90 pathway. Coloured 
marking indicates considerable ratios by reporter plasmids used at certain time periods of stimulation. 

 
3.2) Detection of phosphoproteins using the Bioplex assay 
 
The results are shown in graphs A-H of Fig. 5 and graphs of D-H in Fig.6, as follows: 
 
Detection of phosphoproteins in the 3-plex assay (A-C) 
 
A. Phosphorylated c-Jun (Ser63): The MFI readings indicate detection of phosphorylated Ser63 at 
20hr post infection with EAV in BHK21 cells, higher in cells that are infected by the virulent 
strains of EAV, SP3A and 202, but not in infection with avirulent strain Arvac. Although the 
phosphorylation at Ser63 reveals the activation of c-Jun in cells infected with virulent but not with 
avirulent EAV, it is indeed required to search for phosphorylation at other positions, in order to 
confirm if the observed profile correlates with virus properties. 
 
B. Phosphorylated STAT2 (Tyr689): There were no differences in MFI readings between non-
infected and infected cells, indicating absence of this phosphoprotein isoform at the investigated  
timepoints of infection with EAV in BHK21 cells or that the antibody is not suitable for this 
system. Checking phosphorylation at other known positions, for instace Tyr690 and using other 
methods such as immunoprecipitation or in-situ PLA would give more clues on how and when 
this transcription factor relevant in interferon signaling is activacted. 
 
C. Phosphorylated p65 NF-kB (Ser536): The MFI readings do not show presence of 
phosphorylated p65 NF-kB Ser536 throughout EAV infection in BHK21 cells, consistent with 
the results of in-situ PLA as described ahead. 
   



14 
 

  
                                 A                                                                     B 

 
 
 
 
 
 
 
 
 
            

                                C 
Figure 5: Detection of phosphoproteins by Luminex, using a 3-plex (A-C) from the Bio-Plex system (Bio-Rad). Cells 
were infected with strains of EAV SP3A and Swe 202 (virulent) and Arvac (avirulent), then lysed at different time 
points. Lysates for the time points indicated in the graphs were tested in a Luminex assay as described in Materials and 
Methods. The mean fluorescence intensity (MFI) values are plotted. 
 
Detection of phosphoproteins in the 5-plex assay (D-H) 
 
D. Phosphorylated Akt (Ser473): The MFI readings did not reveal phosphorylation of Ser473, a 
potential indication for the Akt signaling pathway. However, the 5-plex assay does not include 
other targets like Akt/PKBα (Thr308), another phosphorylation site that could be suitable to 
evaluate the pathway activation. 
 
E. Phosphorylated IkBα (Ser32/Ser36): The MFI readings indicated no phosphorylation of 
Ser32/Ser36 positions of IkBα at the time points tested (6hr-24hr). IkBα phosphorylation at 
Ser32/Ser36 is an important event to activate NFkB pathway, is very rapid and quickly followed 
by ubiquitination and proteosomal degradation to achieve NF-kB activation. It is possible that 
IkBα phosphorylation had occurred at the earlier time points than investigated in this study. 
 
F. Phosphorylated ERK1/2 (Thr202/Tyr204, Thr185/Tyr187): The MFI readings have not 
indicated detection of phosphoproteins for ERK1/2 (Thr202/Tyr204, Thr185/Tyr187), which 
indicates no activation of the ERK pathway during the EAV infection in BHK21 cells. 
 
G. Phosphoprotein target for the JNK pathway (Thr183/Tyr185): From the MFI readings 
Thr183/Tyr185 phosphorylation was detected at 10hr, 20hr, and 24hr in cells infected with the 
avirulent EAV Arvac, whereas the readings in cells infected with virulent strains of EAV, SP3A 
and Swe 202 was insignificant at all the time points of infection tested. 
 
H. Phosphorylated p38 MAPK (Thr180/Tyr182): The MFI readings have shown presence of 
phosphorylated p38 MAPK (Thr180/Tyr182) at T20 in BHK21 cells infected with the 
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virulentstrains of EAV, SP3A and Swe 202. The phosphoprotein was not detected in BHK21 cells 
infected with the avirulent strain Arvac. 
 

  
                                 D                                                                      E 

  
                                  F                                                                     G 

 
                               H 
Figure 6: Detection of phosphoproteins by Luminex, using a 5-plex (D-H) from the Bio-Plex system (Bio-Rad). Cells 
were infected with strains of EAV SP3A and Swe 202 (virulent) and Arvac (avirulent), then lysed at different time 
points. Lysates for the time points indicated in the graphs were tested in a Luminex assay as described in Materials and 
Methods. The mean fluorescence intensity (MFI) values are plotted. 
 
3.3) Demonstration of phosphorylated p65 NF-kB and c-jun by in-situ PLA 
 
For practical reasons, this study only targeted phosphorylated p65 NF-kB (RelA) and c-jun. The 
results are displayed in the images of Fig. 7-12. After infection with two different strains of EAV, 
phosphorylation events were traced with in-situ PLA at 6hr, 8hr, 10hr, 12hr, and 14hr post 
infection. These results were compared with the non-infected control (NI) or negative control. To 
demonstrate NF-kB activation, primary antibodies that target different phospho-p65 (Ser276, 
Ser468, Ser536, Thr254 and Thr435) were used. To detect c-Jun activation, phosphor-c-Jun 
Thr239 primary antibody was used. 
 
 Infection with EAV SP3A has lead to phosphorylation at Ser276 throughout all the post infection 
time points tested. Comparatively stronger signal has been observed at 8hr post infection (Fig. 7). 
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However, in the case of Arvac infected cells, only transient expression of phosphorylated p65-NF-
kB Ser276 has been observed at 8hr and 10hr post infection (Fig. 8). Phosphorylation of p65 NF-
kB at positions Ser468, Ser536 was not detected at all post infection time points with SP3A and 
Arvac (Fig. 7 and 8). SP3A infection has lead to phosphorylation of p65 NF-kB at Thr254 at 12 hr 
post infection (Fig. 9 and 11). However, no signal for phosphorylation of Thr254 was observed in 
case of Arvac infection (Fig. 10 and 11). Specific signal for phosphorylated c-Jun at Thr239 was 
detected in Arvac infected cells at all time points post infection In contrast, no signal was detected 
in cells infected with the SP3A virus (Fig. 12). 
 

 
Figure 7: Demonstration of phosphorylated p65 NF-kB by in-situ PLA in BHK21 cells infected with EAV SP3A, 
using phospho-antibodies for p65 NF-kB Ser276, Ser468 and Ser536. Strong phosphorylation signal of p65 NF-kB at 
Ser276 position was observed from 6hr-14hr.  No signal was detected for Ser468 and Ser536. p65 NF-kB shows 
cytoplasmic staining as expected. 

 
Figure 8: Demonstration of phosphorylated p65 NF-kB by in-situ PLA in BHK21 cells infected with EAV Arvac, 
using phospho-antibodies for p65 NF-kB Ser276, Ser468 and Ser536. Transient phosphorylation at Ser276 is seen at 
8hr and 10hr. No signal was detected for Ser468 and Ser536. 
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Figure 9: Demonstration of phosphorylated p65 NF-kB by in-situ PLA in BHK21 cells infected with EAV SP3A, 
using phospho-antibodies for p65 NF-kB Thr254 and Thr435. Phosphorylated p65 Thr254 was transiently found at 
12hr. Signals for Thr435 were found at all time points including in non-infected cells, indicating non-viral induced 
phosphorylation. 
 
 

 
Figure 10: Demonstration of phosphorylated p65 NF-kB by in-situ PLA in BHK21 cells infected with EAV Arvac, 
using phospho-antibodies for p65 NF-kB Thr254 and Thr435. No  signal was found for p65 Thr254 at all time-
points. Signals for Thr435 was observed at all time points including in non-infected cells, indicating non-viral induced 
phosphorylation. 
 

 
Figure 11: Comparison of phosphorylated p65 NF-kB by in-situ PLA in BHK21 cells infected with EAV SP3A and 
Arvac, using phospho-antibody for p65 NF-kB Thr254 as primary antibody. Transient phosphorylation in seen in 
SP3A infection, while no phosphorylation was detected in Arvac infected cells. 
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Figure 12: Comparison of phosphorylated c-jun by in-situ PLA in BHK21 cells infected with EAV, using phospho-
antibody for c-jun Thr 239 as primary antibody. Cells infected with Arvac show strong signal for phosphorylation, in 
contrast to cells infected with SP3A, where specific signals were not observed.  
 
3.4) Real-time RT-PCR 
 
The preliminary PCR results showed Ct values ≥30 for mRNA of IFNß in cells infected with the 
Arvac virus in a sustained manner at initial stages of infection. However, in infection with the 
SP3A virus IFNß mRNA was detected with Ct values below 30 at early stage of infection, 
indicating expression of IFNß gene.  
 

4. Discussion 
 
In this study different methods were used to investigate activation of some intracellular signaling 
pathways throughout infection of BHK21 cells with strains of EAV differing in virulence. 
Infection with viruses is known to activate differing signaling pathways in the infected cell, in a 
dynamic interplay between the virus for taking over control of the cell, and the cell for mounting 
defences to survive the invading pathogen. Here, a set of methods confirmed that infection with 
EAV activates different signaling pathways. The NF-kB and the JNK pathways were activated at 
initial as well as at late stages following infection, with events occurring at 8 to 10 hours post-
infection for initial stage and 20-24 hours post-infection for late stage, as evaluated by the 
methods used. The range may have to do with the experimental conditions and differences in the 
sensitivity of each assay. Activation of pathways profiling inflammation and proliferation were 
prominent at 24hr. At early time points there were indications that the virulent but not the 
avirulent strain of EAV shows ability to activate the interferon pathway. In addition, MAPK and 
heat shock response signaling were also shown to be activated by infection with EAV. 
 
At general profiling, activation of NF-kB occurred in a biphasic manner, with the first NF-kB 
activation at around 10hr, consistent with the time frame of detection of phosphorylated isoforms 
of NF-kB by in-situ PLA. As a more sensitive technique, in-situ PLA revealed phosphorylated p65 
NF-kB from 8hr (and as early as 6hr in infection with SP3A). NF-kB typically conveys protection 
against pro-apoptotic factors by activating cell survival mechanisms. This initial activation may act 
as a pro-viral event by preventing the cell from going into apoptosis. At late stage of infection 
(24hr), a dramatic activation of NF-kB signaling is found in association with engagement of 
JNK/p38 MAPK signaling. c-jun that is regulated by activation of JNK was found in 
phosphorylated form (Ser63) at 20hr in cells infected with virulent SP3A and Swe 202 strains but 
not with the avirulent Arvac virus. When testing another phosphorylated form of c-jun (Thr239) 
by PLA, strong and sustained signals were found for the Arvac infection, that were not observed 
in the SP3A infection, indicating differences in activation of c-jun by virulent and avirulent strain. 
From several studies reported previously, MAPK signaling cascades are considered vital for 
successful infection and replication. For instance, inhibition of MEK is reported to suppress the 
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coronavirus replication (Cay et al., 2007). Enhancement of virus infectivity promoted by MKK 
1/2 kinase that is part of MAPK signaling is reported in case of human cytomegalovirus (HCMV) 
infected cells (Johnson et al., 2001). From the preliminary findings in the present study, 
phosphorylation of JNK and p38 MAPK targets showed distinct patterns in cells infected with 
avirulent (JNK activation) and virulent (p38 MAPK activation) strains of EAV. These findings 
suggest that strains of EAV use different mechanisms to activate the mitogenic signaling 
pathways, as virulent strain SP3A employed p38 MAPK Thr180/Tyr182 phosphorylation, 
whereas the avirulent strain Arvac appear to engage the JNK pathway by phosphorylation of 
Thr183/Tyr185. Association of these pathways indicates potential for involvement of apoptosis 
through pathway crosstalk in EAV-induced cell death that occurs at late infection. Crosstalk 
between signaling pathways is a common disease-inducing mechanism in various pathologies. For 
example NF-kB and JNK crosstalk has been implicated in liver disease in the context of hepatitis 
C virus infection (Papa et al, 2009). EAV has been shown to induce apoptosis through caspase-8 
and caspase-9 activation (St-Louis et al., 2007). Therefore it would be relevant to investigate the 
crosstalk among NF-kB, JNK and p38MAPK to search for their role in outcome of EAV 
infection. 
 
The differences in patterns of phosphorylation of p65 NF-kB as seen in PLA (Thr254), c-jun 
(Ser36 and Thr239), JNK (Thr183/Tyr185) and p38 MAPK (Thr180/Tyr182) between the 
virulent and the avirulent EAV stresses that the strains use different mechanisms to engage these 
signaling pathways. Therefore phosphorylation patterns can be investigated further as potential 
markers to differentiate replication of these virus phenotypes, at least in BHK21 cells.  
 
From the Bioplex assays, phosphorylated forms of STAT2, Akt and IkBα were not found. In 
general, upon any viral infection which leads to type 1 interferon production, Tyr690 and Tyr689 
become phosphorylated, which in turn leads to STAT2 nuclear translocation. Though the results 
obtained for STAT2 in the Bioplex assay are only from the phosphorylation at position Tyr689, 
they appear to relate to the observations from the general pathway profiling, where 
STAT1/STAT2 was not found to be significantly activated at initial stages of infection. In general, 
Akt signaling is mostly related with cell survival, growth, proliferation, angiogenesis, metabolism, 
and migration. A recent study suggests that suppression of PI3K/Akt-signaling pathway is needed 
for viral latency and promotion of tumorigenesis (Peng et al., 2010). Whereas, another study 
reveals the importance of PI3K/Akt pathway during the early time points (1hr post infection) of 
vaccinia and cowpox virus infections in both host survival and viral replication (Jamámaria et al., 
2009). Since the assay in the present study has been performed from 6hr, it is not possible to 
estimate if phosphorylation has occurred at previous time points, also without checking the 
phosphorylation at other positions than Ser473, during very early time points of infection (1hr). 
Phosphorylation of IkBα at Ser32/Ser36 is an important event to activate NFkB pathway upon 
viral infections. Inhibition of IkB� phosphorylation is reported to prevent the NFkB pathway 
(Pizzi et al., 2005). The process of IkBα phosphorylation is very rapid followed by a quick 
ubiquitination and proteosomal degradation at the early time periods post stimulation (DiDonato 
et al., 1996; Chen et al., 1995). Since the current Bioplex assays to detect phospho IkB� was 
carried out from 6hr to 24hr, there is a possibility that target could have been expressed earlier and 
already degraded by proteolysis explaining the obtained results. 
 
In order to achieve any successful virus replication, the host should be protected against cell death 
at the early stages of infection. In general, this is achieved by the transient expression of interferon 
genes and the downstream genes that are regulated by interferons. The luciferase screening results 
in BHK21 cells upon EAV infection did not show remarkable signs of activation of type 1 
interferon at the initial stage of infection with avirulent strain Arvac, as it was the case in infection 
with virulent SP3A. However, activation of interferon signaling was revealed later in infection with 
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both viruses. This would indicate limited stimulation of type 1 interferon by infection with 
avirulent EAV, and explains the results obtained in the general profiling where reporter plasmid 
activity for type 1 interferon indicators (reported by pGAS-Luc, p-STAT3-Luc) was low, and also 
apparent from the STAT2 results in the Bioplex assays. Involvement of the NF-kB pathway in 
negative regulation of interferon induced gene expression and anti-influenza activity has been 
described in a study by Wei et al. (2006). As the results of pathway profiling with the luciferase 
reporter assay, and PLA confirms the activation of NF-kB during the infection cycle, it is 
suspected that NF-kB pathway may impair interferon-dependent signaling in initial stages of EAV 
infection in BHK21 cells. However, later in infection this limitation may be by-passed by the 
increased activation of NF-kB together with JNK/MAPK signaling. p38 MAPK and JNK have 
been linked to events leading to apoptosis, but also to the induction of cytokine expression. As it 
is important in pathogenesis these findings deserve further investigations. 
 
Since the investigated phosphoproteins are expressed at very low levels in the cells, a highly 
sensitive method is needed to confirm their presence in the infected cells and activation dynamics 
in the course of infection. In this respect the in-situ PLA offered advantages as it enables direct 
identification of phosphoproteins as expressed in the context of the infected versus the non-
infected cells, eliminating the need to enrich protein fractions. On the other hand, it visualises the 
sub-cellular localization of the investigated proteins, enabling confrontation of their location with 
active status (ex: nucleus versus cytoplasm for activated p65 NF-kB). By means of in-situ PLA it 
was possible to confirm that phosphorylated p65NF-kB at different residues and positions in the 
course of infection with EAV, suggesting that multi-site phosphorylation may serve different 
purposes during viral replication. Detection of phosphorylated isoforms of p65NF-kB clearly was 
consistent with activation of the NF-kB pathway as revealed by the pathway profiling. The pattern 
and kinetics of activation of p65 NF-kB varied with isoform and also with the virus phenotype. 
Based on the phospho-antibodies used, clear distinction is seen in phosphorylation at tyrosine 
residues between the virulent and the non-virulent strain, indicating that this feature can be 
explored as a phenotype marker. To a less extent, also phosphorylation at Ser276 is different 
between the viruses, being more prominent and sustained in cells infected with virulent SP3A 
virus. As a method based on signal amplification in-situ PLA has proven suitable to demonstrate 
phosphoproteins that may be less abundant or transiently expressed in infected cells, as opposed 
to cancer cells where they are expressed constitutively in amounts easy to detect. 
 
Attempts were made to perform the same experiments with infected cells of the real host, i.e., 
equine cells; however, difficulty to transfect these cells did not permit to carry on with the 
profiling assays. Similarly, these cells are fragile to undergo the whole course of an in-situ PLA 
experiment. Therefore, evaluations in horse cells are limited to infection of cells and assaying the 
cell lysates in immunoprecipitation with different phospho-antibodies.  
 
To my knowledge this is the first study on signaling upon infection with EAV that points to a 
potential role of the NF-kB, JNK and p38 MAPK signaling and crosstalk in the outcome of 
infection. Due to the importance of understanding the pathogenesis of disease caused by EAV, 
this study opens possibilities for research in this field, on EAV and related viruses of economic 
importance in animal health. Viral infections are the major plagues worldwide with a great 
potential to cause pandemics and economic losses. The increased resistance against antiviral drugs 
and limited protection of some vaccines accentuates the need for development of new generation 
of therapies and vaccines. Cellular signaling molecules and mechanisms are increasingly being 
considered as novel targets in the fight against pathologies including the ones caused by viral 
infections. Thus, such studies can contribute to a better understanding and control of disease.  
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